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This is Volume Two of the final report of the "Mars Landing and Reconnaissance
Mission Environmental Control and Life Support System study." This study was
conducted by Hamilton Standard under contract NAS 9-1701 for the Manned Space-
craft Center of the National Aeronautics and Space Administration. The study,
conducted from July 15, 1963 to March 15, 1964, was directed by Mr, K. L° Hower,
and the principal contributors were Messrs, V_ J. Binks, R. L. Brown, Re Lamparter,
M. R. Segal, J. F. Wilber, and J. Warner.
Acknowledgement is made to all the industrial organizations mentioned in the report
whose assistance in their special areas provided the information necessary for the
study to present valid results. Special thanks are due Messrs. W. W, Guy, M. R,
Reumont, and J, T° Brown of the Systems Analysis Section, Environmental Control
Systems Branch of the Crew Systems Division, Manned Spacecraft Center for their advice
and guidance°
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1.0 INTRODUC TION
This volume of the final report presents the results of the subsystem studies used
as supporting data for the final system analysis. The results are presented in a
parametric form to permit application of the data to the requirements of the Mars
Mission in the future as the mission duration, power penalty, or crew size change.
The specification used for these studies dictated a design point of 6 men for a
420 day mission with a power penalty of 500 pounds per kilowatt.
To allow full flexibility of use, the data illustrates the fixed weight, power, and
expendable requirements in all possible cases. It is felt that this method of pre-
sentation will allow better evaluation of subsystem effects on vehicle weight and
power supply and how they change with changes in mission duration.
General conclusions are presented on each approach considered to point out the
preliminary assessment on the subsystem level. In most cases, the final selec-
tion is left to the system studies where the integration effects with other equipment
may be considered.
The subsystems discussed in this volume include CO2 removal, transfer, and
reduction; water electrolysis; atmospheric storage; water reclamation; waste
management; contaminant control; personal hygiene; radiators, heat exchangers,
water separators; and fans.
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2.1
2.1.1
CO2 REMOVAL
General
Objectives
The analysis of CO2 removal equipment was performed on the candidate subsystems
from a basis of CO 2 removal alone. In deciding the optimum method of analyzing
subsystems for a study which considers an end use of a piece of equipment with
more than one application (such as CO2 collection or CO2 disposal), certain ground
rules had to be established to allow each system to be compared on an equal basis.
In the case of the CO2 removal equipment, the decision was made to investigate all
subsystems initially on the basis that oxygen reclamation from the collected CO2
would not be required; thus the CO2 could be disposed of in any convenient manner.
This approach allows comparative determination of system fixed weight, power, and
expendable weights on an equal basis.
When a closed system which reclaims the oxygen from the CO2 is considered,
certain additions to the basic CO2 removal equipment are required. During the
course of the analysis, specific points of integration possibilities or integration
problems were noted and retained for utilization in later CO 2 removal and transfer
studies which are presented in Section 3.0 of this report. Thus, the data presented
in this section and the analysis and discussion assumes that no requirement exists
for CO2 collection. In some cases, CO2 collection enters the discussion from a
feasibility basis, but no mention of its influence or detriment is made. This is
considered in Section 3.0.
The comparative considerations and individual data presentations in this section
are valid as design tools for CO2 removal; thus, upon selection of a crew size, a
mission duration, and a power source, one may easily determine the optimum CO2
removal approach (based on CO2 removal considerations alone) from the data pre-
sented. In many cases, additional summary plots are also presented to allow rapid
comparison of system approaches within the report itself rather than causing a
need for hand calculations and other time consuming effort. The system specifica-
tion has called out a requirement to study the effect on subsystem selection of
power supplies with penalties of 200, 300, and 500 lbs/Kw.
Since the study is organized into a subsystem phase and a system phase, it was
decided that the CO2 removal subsystem equipment should stand basically alone in
the evaluation. The ground rule was established that during this analysis, electri-
cal heating must be used for all heating requirements rather than counting on waste
heat from other portions of the overall system. When final system integration was
considered, this point was re-evaluated for the candidate systems in an attempt to
lower the overall equipment weight. Many other variables considered in the overall
specification were treated qualitatively at this time, since application of these
variables to all subsystems, whether candidate or non-candidate, would have
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created needless extra effort. Upon elimination of non-candidate systems, these
other factors were considered more fully as selection criteria.
Discussion of Data Presentation
In organizing the data for this report, many methods of presentation were possible.
The use of tables, charts, detailed calculations, curves, are all potential methods
which could be utilized. It was decided to present the data in curve form to allow
most rapid utilization. Thus, results of subsystem optimizations are plotted for
the important parameters as variations with partial pressure of CO2, crew size or
metabolic rate, and mission duration. In analyzing any subsystem of this nature,
the major considerations which must be determined are system fixed weight, sys-
tem power requirements, and expendable requirements, if any. However, for
clarity of presentation, additional cross plots of the basic data are included in this
report. It is felt that presentation of summary curves at the design point mission
length (420 days) allows rapid recognition of subsystem equivalent weight require-
ments. Also, to allow consideration of equivalent weight for varied mission lengths,
additional curves showing equivalent weight variation with mission time have been
prepared. These curves should allow extra flexibility in analyzing CO 2 removal
equipment, without excess calculations on the part of the reader.
The schematic presented for each system is an individual system schematic with-
out illustrating system integration possibilities in any great detail due to the pre-
viously mentioned ground rule of providing a system that would stand alone prior to
the system integration phase. The schematics are essentially complete and opera-
ble schematics at this point; however, since candidate systems selection was the
primary purpose of this analysis, the full degree of design and reliability detail
afforded a final system selection is not included in this preliminary analysis.
In addition to data presentation for individual subsystems, a cumulative subsystem
analysis is presented. This analysis and presentation will allow rapid determina-
tion of appropriate system choice for the design parameters being considered.
Thus, the data takes two forms: 1) an individual system approach presenting con-
siderable data on parametric variations, and 2) a comparative approach analyzing
all subsystems considered at the existing mission design points.
CO2 Removal By Membrane Diffusion
Introduction and Data Source
The analysis of a CO2 removal system using membranes with selective permeability
as the concentration media was based on previous Hamilton Standard design data and
limited information available in current progress reports from the State University
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of Iowa to the NASA on a current contract (Reports Number 1 through 6, Contract
NASr-73). This system approach has not had the benefit of the advanced develop-
ment work that many other CO2 removal systems have undergone. The data present-
ed for membrane diffusion is based primarily on a theoretical analysis backed by
limited testing on membrane characteristics and membrane performance.
System Description
Figure 2-1 presents the schematic approach to the system considered in this
analysis.
MEMBRANE DIFFUSION CO 2 REMOVAL
PROCESS AI R r-'----I I I
IN __ INTERC°°LER I
COOLANT I _COOLANT
OUT_ /IN
ACTUAL NUMBER OF MEMBRANE STAGES
DETERMINED BY WEIGHT AND
SEPARATION PERCENTAGE TRADEOFF,
8 STAGES USED IN THIS COMPARISON
A
PROCESS AIR
RETURN I
_i MEMBRANE _"J I
;TTC'-K --_ COMPRESSOR_-_
÷ ATMOSP,ERE /
--I' TERCOOLERIOUT"
MEMBRANE !_ST CK
CO 2 OUT
FIGURE 2--1
The system operation is based upon individual operation as a CO2 removal device
with integration aspects with other subsystems considered but not fully exploited.
Referring to the schematic, the inlet air is drawn into the system at an assumed
temperature of 50°F and forced through the system by a low pressure ratio fan
which provides the necessary pressure rise for system operation. The process
air then passes through an inter-cooler where the fan heat is rejected to a circulat-
ing coolant from the main thermal control system.
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From the inter-cooler, the process air passes through the first stage of a membrane
stack consisting of a large number of thin wall tubes. Silicone rubber membranes
were chosen for this analysis. The air enters the first stage membrane stack through
an inlet header and then passes through the tubes where a portion of the flow per-
meates through the tube walls. Since silicone rubber is more permeable to CO2
than to oxygen and nitrogen, the gas permeates tube walls at a higher CO2 concentra-
tion; and the air stream, upon leaving the membrane stack, is returned to the cabin
or main environmental control system°
In reality, the membrane stack may require more than one stage to achieve the
degree of separation required; thus, the CO2 enriched air leaving the first stage will
have to be recompressed and recooled prior to entering any of the subsequent stages.
As shown in the schematic, the CO2 enriched air passes through a compressor,
another inter-cooler, and into a subsequent stage membrane stack. For simplicity,
the CO2 is shown being removed from this membrane stack, although actual deter-
mination of number of stages is dependent upon a trade-off of weight versus the effi-
ciency of separation. For this study, an eight stage unit was considered. From the
outlet of the second stage membrane stack and any further stack, the process air is
returned to the inlet of the previous stage where the cycle is repeated. The gas
permeated through the final stage membranes is discharged to either vacuum in the
case where no CO2 collection requirement exists, or to a CO2 reduction system if
the eventual usage requires reclamation of oxygen from the CO2_
The primary weight of a system of the type shown is that of the fan and compressors,
dependent upon the stages of diffusion required. For a six man system achieving a
CO 2 cabin concentration of 5 mm Hg., this weight is approximately 90% of the total
system weight. The membrane weight itself is quite small; however, the effect of
adequate headering of the membrane inlet and outlet, and construction of the overall
membrane stage device may offer considerable design problems, as well as considera-
ble increases in weight. For this analysis, the tube diameter of the silicone rubber
was taken as . 01 inches with a membrane wall thickness of 2.5 x 10 -4 inches. It is
apparent from this sizing that placing many of these tubes in parallel in one membrane
could lead to serious design and manufacturing problems.
Results
The results of the membrane diffusion analysis are presented in the next few pages.
All results are presented parametrically to allow flexibility of use in the future.
Figure 2-2 presents the estimated system weight as a variable with changes in CO 2
production rate and the cabin concentration of CO2. To allow comparison of the
weight data, the increase in weight due to expendable weight requirements is illus-
trated, as well as the fixed weight for a 420 day period. The range of production
rates chosen allows determination of system weight variation for two to twelve man
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systems. Figure 2-3 illustrates the change in system input power requirements as a
function of production rate and partial pressure of CO2. Thus, with the combination
of these two figures, a system launch equivalent weight can be determined for any
range crew size from two to twelve men once a penalty for power is selected. Figures
2-4 and 2-5 sum up the preceding two figures in a total determination of equivalent
weight variation with crew size for a 420 day mission for the power penalties specified
for this study. It must be emphasized here that the expendable weight illustrated does
not include the penalty for providing these expendables, such as packaging weight.
By treating the packaging weight as an additive value, the curve is valid for any method
of packaging. To utilize this curve for consideration of a mission duration other than
420 days, an expendable weight of. 009 lbs per man day may be assumed to allow a
rough re-calculation of weight for the mission time considered. This expendable
requirement is caused by the amount of 02 and N2 trapped in the CO2 exhausted to
space.
Figures 2-6 through 2-9 allow determination of approximate expendable weight and total
equivalent weight for a given mission length for four different approximate crew sizes
(2, 6, 9, and 12 men). This is illustrated in the figures by the 4, 12, 20, and 28 lbs
per day CO2 production rate lines. Thus, for a design point cabin partial pressure
of CO 2 equal to 5 mm Hg, the weight required on board for any period from zero to
420 days may be determined from these figures. Figure 2-6 presents this from a
weight only basis, including fixed systemweight and weight of expendables. Figure 2-7
presents total equivalent weight (charging power at 200 lbs per kilowatt) and Figures
2-8 and 2-9 present the same comparison with power charged at 300 and 500 lb/KW,
re spectively.
Conclusions
The membrane diffusion process is attractive in that it exhausts the CO2 at a pressure
compatible with CO2 reduction equipment. Weight, development status, and complexity
weigh heavily against it at this time. Compressor reliability as well as required
compressor power are very unattractive when considering other possible approaches
for CO2 removal. In addition, the previously mentioned problem of construction of
the membrane stack is a potential problem area and adequate structural members may
prove to be a considerable design problem when faced with actual flight hardware
design. In general, the system is unattractive for the Mars Mission application.
CO2 Removal by Mechanical Freeze-out Processes
Introduction and Data Source
Mechanical freeze-out is one of the two freeze-out processes considered in this study.
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It is a somewhat attractive method of CO2 removal in that the CO2 may be withdrawn
in a highly concentrated form; however, this particular system approach is relatively
undeveloped at this time. Considerable theoretical analysis was performed to achieve
an optimum system configuration. Primary data source for this analysis was previous-
ly in-house Hamilton Standard subsystem selection work in CO2 removal.
System Desc ription
The system considered in this analysis is presented schematically in Figure 2-10.
The system includes many complex items, making reliable operation somewhat ques-
tionable. Inlet air from the cabin thermal control system at a temperature of 50°F is
brought into the system through a silica gel or other desiccant bed where the water
vapor in the process air is removed. Freezing out water vapor as well as the CO2
is impractical due to the high heat of condensation of water. Eliminating water freeze-
out reduces system operating pressure and compressor weight and power, since lower
compressor temperatures can be utilized.
The process air is then compressed to provide a high pressure to operate the air mo-
tor. Prior to entering the motor, the stream temperature is decreased, in the regen-
erative heat exchanger, to just above the freezing point of CO2. This cool high
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1.0 INTRODUC TION
This volume of the final report presents the results of the subsystem studies used
as supporting data for the final system analysis. The results are presented in a
parametric form to permit application of the data to the requirements of the Mars
Mission in the future as the mission duration, power penalty, or crew size change.
The specification used for these studies dictated a design point of 6 men for a
420 day mission with a power penalty of 500 pounds per kilowatt.
To allow full flexibility of use, the data illustrates the fixed weight, power, and
expendable requirements in all possible cases. It is felt that this method of pre-
sentation will allow better evaluation of subsystem effects on vehicle weight and
power supply and how they change with changes in mission duration.
General conclusions are presented on each approach considered to point out the
preliminary assessment on the subsystem level. In most cases, the final selec-
tion is left to the system studies where the integration effects with other equipment
may be considered.
The subsystems discussed in this volume include CO2 removal, transfer, and
reduction; water electrolysis; atmospheric storage; water reclamation; waste
management; contaminant control; personal hygiene; radiators, heat exchangers,
water separators; and fans.
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2.1.1
CO2 REMOVAL
General
Objectives
The analysis of CO2 removal equipment was performed on the candidate subsystems
from a basis of CO 2 removal alone° In deciding the optimum method of analyzing
subsystems for a study which considers an end use of a piece of equipment with
more than one application (such as C02 collection or CO2 disposal), certain ground
rules had to be established to allow each system to be compared on an equal basis.
In the case of the CO2 removal equipment, the decision was made to investigate all
subsystems initially on the basis that oxygen reclamation from the collected CO2
would not be required; thus the CO2 could be disposed of in any convenient manner.
This approach allows comparative determination of system fixed weight, power, and
expendable weights on an equal basis.
When a closed system which reclaims the oxygen from the CO2 is considered,
certain additions to the basic CO2 removal equipment are required. During the
course of the analysis, specific points of integration possibilities or integration
problems were noted and retained for utilization in later CO 2 removal and transfer
studies which are presented in Section 3.0 of this report. Thus, the data presented
in this section and the analysis and discussion assumes that no requirement exists
for CO2 collection. In some cases, CO2 collection enters the discussion from a
feasibility basis, but no mention of its influence or detriment is made. This is
considered in Section 3.0.
The comparative considerations and individual data presentations in this section
are valid as design tools for CO2 removal; thus, upon selection of a crew size, a
mission duration, and a power source, one may easily determine the optimum CO2
removal approach (based on CO2 removal considerations alone) from the data pre-
sented. In many cases, additional summary plots are also presented to allow rapid
comparison of system approaches within the report itself rather than causing a
need for hand calculations and other time consuming effort. The system specifica-
tion has called out a requirement to study the effect on subsystem selection of
power supplies with penalties of 200, 300, and 500 lbs/Kw.
Since the study is organized into a subsystem phase and a system phase, it was
decided that the CO2 removal subsystem equipment should stand basically alone in
the evaluation. The ground rule was established that during this analysis, electri-
cal heating must be used for all heating requirements rather than counting on waste
heat from other portions of the overall system. When final system integration was
considered, this point was re-evaluated for the candidate systems in an attempt to
lower the overall equipment weight. Many other variables considered in the overall
specification were treated qualitatively at this time, since application of these
variables to all subsystems, whether candidate or non-candidate, would have
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created needless extra effort. Upon elimination of non-candidate systems, these
other factors were considered more fully as selection criteria.
Discussion of Data Presentation
In organizing the data for this report, many methods of presentation were possible.
The use of tables, charts, detailed calculations, curves, are all potential methods
which could be utilized. It was decided to present the data in curve form to allow
most rapid utilization. Thus, results of subsystem optimizations are plotted for
the important parameters as variations with partial pressure of CO2, crew size or
metabolic rate, and mission duration. In analyzing any subsystem of this nature,
the major considerations which must be determined are system fixed weight, sys-
tem power requirements, and expendable requirements, if any. However, for
clarity of presentation, additional cross plots of the basic data are included in this
report. It is felt that presentation of summary curves at the design point mission
length (420 days) allows rapid recognition of subsystem equivalent weight require-
ments. Also, to allow consideration of equivalent weight for varied mission lengths,
additional curves showing equivalent weight variation with mission time have been
prepared. These curves should allow extra flexibility in analyzing CO 2 removal
equipment, without excess calculations on the part of the reader.
The schematic presented for each system is an individual system schematic with-
out illustrating system integration possibilities in any great detail due to the pre-
viously mentioned ground rule of providing a system that would stand alone prior to
the system integration phase. The schematics are essentially complete and opera-
ble schematics at this point; however, since candidate systems selection was the
primary purpose of this analysis, the full degree of design and reliability detail
afforded a final system selection is not included in this preliminary analysis.
In addition to data presentation for individual subsystems, a cumulative subsystem
analysis is presented. This analysis and presentation will allow rapid determina-
tion of appropriate system choice for the design parameters being considered.
Thus, the data takes two forms: 1) an individual system approach presenting con-
siderable data on parametric variations, and 2) a comparative approach analyzing
all subsystems considered at the existing mission design points.
CO2 Removal By Membrane Diffusion
Introduction and Data Source
The analysis of a CO2 removal system using membranes with selective permeability
as the concentration media was based on previous Hamilton Standard design data and
limited information available in current progress reports from the State University
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of Iowa to the NASA on a current contract (Reports Number 1 through 6, Contract
NASr-73). This system approach has not had the benefit of the advanced develop-
ment work that many other CO2 removal systems have undergone° The data present-
ed for membrane diffusion is based primarily on a theoretical analysis backed by
limited testing on membrane characteristics and membrane performance.
System Description
Figure 2-1 presents the schematic approach to the system considered in this
analysis.
MEMBRANE DIFFUSION CO 2 REMOVAL
4
PROCESS AIR r-'-_l I I
INTERCOOLER .
IN I ]
ACTUAL NUMBER OF MEMBRANE STAGES
DETERMINED BY WEIGHT AND
SEPARATION PERCENTAGE TRADEOFF,
8 STAGES USED IN THIS COMPARISON
PROCESS AIR
RETURN I
_LMEMBRANE _J I
/ ;T'_C_--I_COMPRESSOR_"_
Jr ATMOSPHERE /
l
t MEMBRANE !4
CO 2 OUT
COOLANT I ICOOL NT
IN v I INTERCOOLER I OUT
I
FIGURE 2--I
The system operation is based upon individual operation as a CO2 removal device
with integration aspects with other subsystems considered but not fully exploited.
Referring to the schematic, the inlet air is drawn into the system at an assumed
temperature of 50°F and forced through the system by a low pressure ratio fan
which provides the necessary pressure rise for system operation. The process
air then passes through an inter-cooler where the fan heat is rejected to a circulat-
ing coolant from the main thermal control system.
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From the inter-cooler, the process air passes through the first stage of a membrane
stack consisting of a large number of thin wall tubes. Silicone rubber membranes
were chosen for this analysis. The air enters the first stage membrane stack through
an inlet header and then passes through the tubes where a portion of the flow per-
meates through the tube walls. Since silicone rubber is more permeable to CO2
than to oxygen and nitrogen, the gas permeates tube walls at a higher CO2 concentra-
tion; and the air stream, upon leaving the membrane stack, is returned to the cabin
or main environmental control system°
In reality, the membrane stack may require more than one stage to achieve the
degree of separation required; thus, the CO2 enriched air leaving the first stage will
have to be recompressed and recooled prior to entering any of the subsequent stages.
As shown in the schematic, the CO2 enriched air passes through a compressor,
another inter-cooler, and into a subsequent stage membrane stack. For simplicity,
the CO2 is shown being removed from this membrane stack, although actual deter-
mination of number of stages is dependent upon a trade-off of weight versus the effi-
oiency of separation. For this study, an eight stage unit was considered. From the
outlet of the second stage membrane stack and any further stack, the process air is
returned to the inlet of the previous stage where the cycle is repeated. The gas
permeated through the final stage membranes is discharged to either vacuum in the
case where no CO2 collection requirement exists, or to a CO2 reduction system if
the eventual usage requires reclamation of oxygen from the CO2o
The primary weight of a system of the type shown is that of the fan and compressors,
dependent upon the stages of diffusion required. For a six man system achieving a
CO 2 cabin concentration of 5 mm Hg., this weight is approximately 90% of the total
system weight. The membrane weight itself is quite small; however, the effect of
adequate headering of the membrane inlet and outlet, and construction of the overall
membrane stage device may offer considerable design problems, as well as considera-
ble increases in weight. For this analysis, the tube diameter of the silicone rubber
was taken as .01 inches with a membrane wall thickness of 2.5 x 10 -4 inches. It is
apparent from this sizing that placing many of these tubes in parallel in one membrane
could lead to serious design and manufacturing problems.
Results
The results of the membrane diffusion analysis are presented in the next few pages.
All results are presented parametrically to allow flexibility of use in the future.
Figure 2-2 presents the estimated system weight as a variable with changes in CO 2
production rate and the cabin concentration of CO2. To allow comparison of the
weight data, the increase in weight due to expendable weight requirements is illus-
trated, as well as the fixed weight for a 420 day period. The range of production
rates chosen allows determination of system weight variation for two to twelve man
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systems. Figure 2-3 illustrates the change in system input power requirements as a
function of production rate and partial pressure of CO2. Thus, with the combination
of these two figures, a system launch equivalent weight can be determined for any
range crew size from two to twelve men once a penalty for power is selected. Figures
2-4 and 2-5 sum up the preceding two figures in a total determination of equivalent
weight variation with crew size for a 420 day mission for the power penalties specified
for this study. It must be emphasized here that the expendable weight illustrated does
not include the penalty for providing these expendables, such as packaging weight.
By treating the packaging weight as an additive value, the curve is valid for any method
of packaging. To utilize this curve for consideration of a mission duration other than
420 days, an expendable weight of. 009 lbs per man day may be assumed to allow a
rough re-calculation of weight for the mission time considered. This expendable
requirement is caused by the amount of 02 and N2 trapped in the CO2 exhausted to
space.
Figures 2-6 through 2-9 allow determination of approximate expendable weight and total
equivalent weight for a given mission length for four different approximate crew sizes
(2, 6, 9, and 12 men). This is illustrated in the figures by the 4, 12, 20, and 28 lbs
per day CO2 production rate lines. Thus, for a design point cabin partial pressure
of CO 2 equal to 5 mm Hg, the weight required on board for any period from zero to
420 days may be determined from these figures. Figure 2-6 presents this from a
weight only basis, including fixed systemweight and weight of expendables. Figure 2-7
presents total equivalent weight (charging power at 200 lbs per kilowatt) and Figures
2-8 and 2-9 present the same comparison with power charged at 300 and 500 lb/KW,
respectively.
Conclusions
The membrane diffusion process is attractive in that it exhausts the CO2 at a pressure
compatible with CO2 reduction equipment. Weight, development status, and complexity
weigh heavily against it at this time. Compressor reliability as well as required
compressor power are very unattractive when considering other possible approaches
for CO2 removal. In addition, the previously mentioned problem of construction of
the membrane stack is a potential problem area and adequate structural members may
prove to be a considerable design problem when faced with actual flight hardware
design. In general, the system is unattractive for the Mars Mission application.
CO2 Removal by Mechanical Freeze-out Processes
Introduction and Data Source
Mechanical freeze-out is one of the two freeze-out processes considered in this study.
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It is a somewhat attractive method of CO2 removal in that the CO2 may be withdrawn
in a highly concentrated form; however, this particular system approach is relatively
undeveloped at this time. Considerable theoretical analysis was performed to achieve
an optimum system configuration. Primary data source for this analysis was previous-
ly in-house Hamilton Standard subsystem selection work in CO2 removal.
2.3.2 System Description
The system considered in this analysis is presented schematically in Figure 2-10.
The system includes many complex items, making reliable operation somewhat ques-
tionable. Inlet air from the cabin thermal control system at a temperature of 50°F is
brought into the system through a silica gel or other desiccant bed where the water
vapor in the process air is removed. Freezing out water vapor as well as the CO2
is impractical due to the high heat of condensation of water. Eliminating water freeze-
out reduces system operating pressure and compressor weight and power, since lower
compressor temperatures can be utilized.
The process air is then compressed to provide a high pressure to operate the air mo-
tor. Prior to entering the motor, the stream temperature is decreased, in the regen-
erative heat exchanger, to just above the freezing point of CO2. This cool high
MECHAt',qCAL FREEZE OUT CO i REMOVAL
PROCESS
AIR IN
H SILICA GEL
_ __PROCESS
-- AIR OUT _COMPRESSOR
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cot
' A I COLLECTOR/ .... i 7
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pressure air is expanded through the air motor, resulting in a drop in temperature
and consequent freezing of the CO2. The frozen CO2 particles are filtered out
in the CO2 collector, and the CO2 free process air is returned to the cabin through
the regenerative heat exchanger and off line CO2 collector and silica gel beds. In
passing through the heat exchanger, the air absorbs heat from the hot compressor
discharge air, which is then used to vaporize the CO2 in the off line collector and
to desorb the alternate silica gel canister.
The two CO2 collection devices and two silica gel beds are alternated periodically
to allow continuous system operation. Thus, in each case, while one is absorbing
either water vapor or CO2, the second is being desorbed to prepare it for future
use° In this manner, indefinite system operation can be obtained, dependent only
upon mechanical reliability.
The primary portion of system fixed weight for this process is attributed to the
inlet compressor which raises process air pressure prior to expansion and freez-
ing. This amounts to approximately 40% of the total system weight.
Results
Figure 2-11 presents the results of the analysis of mechanical feeeze-out system
weight as a function of production rate or crew size and desired cabin concentra-
tion of carbon dioxide. Estimated fixed weight is presented alone as well as with
estimates of total system expendable weight for a 420 day mission. Thus, the
difference between an expendable weight curve at a particular concentration and the
fixed weight curve allows approximation of system expendable requirements. Pack-
aging penalties for the expendables are not included in this analysis due to the
desire to allow flexibility in choice of the method of packaging of expendables.
Thus, by presenting penalty of the expendables alone, more flexibility is allowed
for future system integration work. Figure 2-12 illustrates the peak power require-
ments for this approach. A quick glance at this figure makes it obvious that power
consumption is quite high in this system, making it unattractive for most presently
conceived applications. To illustrate the overall picture of power, fixed weight
and expendable weight, Figures 2-13 and 2-14 were prepared for 420 day missions.
In these cases, power has been charged off with a weight equivalent to allow deter-
mination of total equivalent weight for any given crew size and CO2 partial pres-
sure. If 420 days does not remain as the ultimate mission length, expendables,
consisting of 02 and N2 supplies for that lost with the CO2 exhausted, can be
charged at the approximate rate of. 02 lbs per man day to arrive at a new figure.
Figures 2-15 through 2-18 illustrate the variance in system equivalent weight with
mission time. In each case, four typical crew sizes are presented by the CO2
production lines of 4, 12, 20, and 28 pounds per day. This is roughly equivalent
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to a 2, 6, 9, or 12 man crew. Thus, for a given mission time and cost of power,
the total equivalent weight can be determined from Figures 2-15 through 2-17 for
power penalties of 200, 300, and 500 lbs per kilowatt, respectively. To allow
determination of the subsystem weight penalty alone without the cost of power,
Figure 2-18 is presented.
Conclusions
Mechanical freeze-out as a CO2 removal method for the Mars vehicle is considered
generally unattractive. The high power requirements of the system as well as
large bulky equipment make it undesirable under present trade-off considerations
of low weight and power. It will adapt itself to a CO2 collection device better than
other approaches being considered; however, this is not of sufficient merit to war-
rant its inclusion in further trade-off studies. The complex equipment required
and compressor and expander development status lead to a poor rating of this
approach at this time.
CO2 Removal By Cryogenic Freeze-out
Introduction and Data Source
Cryogenic freeze-out is the other method of CO2 freeze-out analyzed during the
study. It becomes a desirable investigation for the Mars Excursion Module con-
sidering the possibility of cryogenic storage of some type on the vehicle. With
this source of low temperature available, it is desirable to analyze applicability
of its use in the CO2 removal system. The primary source of data for this ap-
proach has been previous in-house work at Hamilton Standard and earlier state-
of-the-art C02 removal subsystem selection work. The system described is
presented primarily from a theoretical analysis due to limited development testing
to date.
System Description
Initialconsiderations of cryogenic freeze-out investigated freeze-out of both the
CO2 and moisture, with subsequent sublimation to space. This proves unattrac-
tive for Mars Mission usage, however, due to the water lost with the CO 2 and the
excessive amount of cryogenic fluid required. To remedy this, a system was
investigated where the water was recovered by passing warm air through the ice
side of the heat exchanger; however, this approach provides a large equivalent
weight system due to the larger heat capacity of the moisture relative to that of
the cryogenic fluid, i.e., the loss in cooling capacity of the moisture as vented to
vacuum requires a relatively large increase in cryogenic flow. The most attrac-
tive system investigated utilizes silicagel or a similar desiccant for moisture
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adsorption with a heated purge return to the cabin and cryogenic freeze-out for
C02 removal only.
Figure 2-19 presents the system schematic analyzed in the study. Process air
from the main thermal control system enters at a temperature of 50°F and pro-
ceeds to a moisture adsorption canister, where the moisture content is reduced
to a few parts per million. The dry air then proceeds to a regenerative heat
exchanger, where the temperature is reduced, causing the CO 2 to freeze-out on
heat transfer surfaces. The process air continues from the heat exchanger and is
mixed with the introduced cryogenic fluid, thus producing the minimum air temp-
erature throughout the system. This flow then passes through the cold side of
the regenerative heat exchanger, where a portion of the heat sink derived during
cooling is regeneratively recovered. Cyclic operation is employed whereby that
CO2 frozen out in the heat exchanger is vented to the vacuum of space during the
following half cycle; therefore, heat adsorbed during vaporization contributes to
cooling of the air passing through the hot side of the exchanger° Upon leaving the
heat exchanger, the air passes to the alternate desiccant bed, where it is heated
by electrical heaters, purging the bed as it passes through it. The process
air with the moisture from the desorbed bed then returns to the main system.
Periodic cycling of the silica gel beds and the freeze-out heat exchanger main-
tains continuous system operation.
PROCESS AIR IN
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CRYOGENIC FREEZE--OUT CO 2 REMOVAL
FIGURE 2--19
2-I7
HAM |LTON STANDARD SLS 414-2
DIVISION OF UNITED AIRCRAF'T
2.4, 2 _Continued}
2.4.3
2.4.4
Primary weight penalty associated with this system approach is in the silica gel
canisters and the freeze-out heat exchangers_ Weight of these items alone makes
up about 70% of the total system weight. The overall system was found to be opti-
mum for minimum weight when the cryogenic fluid flow equals that required for
metabolic usage.
Results
This section introduces the results of the parametric analysis of cryogenic freeze-
out systems. Figure 2-20 presents fixed weight variations as a function of crew
size (shown by production rate) and cabin concentration of CO2. This figure also
includes total system weight for a 420 day mission. The difference between the
two curves then represents the weight of expendables. Figure 2-21 presents the
peak system input power requirements as a function of CO 2 partial pressure and
carbon dioxide production rate. Both of these preceding figures allow sizing of
a system for any change from the design point six man crew size or a change in
the expected carbon dioxide production per man day. Figures 2-22 and 2-23
present the summation of the preceding two curves, illustrating equivalent weight
for a 420 day mission as a function of crew size. Power has been illustrated at
the penalties defined in the system specification. If the desire is to optimize for
a mission length other than 420 days, it is necessary only to determine the mis-
sion length desired and calculate expendables from an estimated rate of . 05 lbs
per man day. These expendables represent the 0 2 and N2 lost to space during
sublimation. In all of these cases, the packaging weight of expendables has not
been included, since, by omitting it, more flexibility in use of results is allowed.
Figures 2-24 through 2-27 allow determination of equivalent weight with variation
in mission duration. Figure 2-24 illustrates this weight as a combination of
fixed weight plus expendable weight only for typical crew sizes of 2, 6, 9, and 12
men as illustrated by CO2 production rate curves of 4, 12, 20, and 28 lbs per day.
Figures 2-25 through 2-27 add the penalty for power to the preceding figure to
provide a total equivalent weight. The slopes of these curves illustrate the expend-
able rate.
Conclusions
The cryogenic freeze-out approach appears quite attractive at the initial evalua-
tion. However, it is limited by several factors which must be established. First,
its best use is with subcritical storage, since this provides the maximum heat
sink per pound of fluid; and, as such, the storage should be from a source with the
flow rate equivalent to or greater than the crew metabolic requirements. Thus,
it is somewhat limited to an overall system not utilizing oxygen reclamation from
CO2. This is also verified when the method of CO2 removal from the system
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is investigated. Adapting of this system to a CO2 collection device presents a
problem, since the system as presented here desorbs the CO2 to space vacuum.
The weight and power penalties are quite attractive for this system and make it
seem worthy of perhaps more development effort than that invested in it to date.
Operation is independent of gravity, and the major power requirement for the
entire system is that utilized for recovery of the moisture from the silica gel
beds. Development status of the cryogenic heat exchanger is somewhat poor;
thus, for accurate final evaluation of this system, considerably more test data
should be produced on the CO 2 freeze-out heat exchanger.
CO2 Removal With Regenerable Solid Adsorbents
Introduction and Data Source
The regenerable solid adsorption CO 2 removal system study for this application
is based upon Hamilton Standard's extensive experience in design of these systems.
Operating prototypes have been in existence since 1961, with breadboard equip-
ment preceding that by some time; thus, data availability is the result of this test
program over the years. The system itself has had many variations throughout
industry; however, the basic intent of removal of the CO 2 by adsorption, and
desorption by exposure to space vacuum or by utilization of thermal energy, is
the same. Material selection for CO2 adsorption varies from firm to firm, but
not the principle.
System Description
The system is presented schematically in Figure 2-28. Process air from the
thermal control system in the vehicle enters the CO 2 removal system at a temp-
erature of 50°F. The flow is routed through the moisture adsorption canister,
where its moisture content is reduced to a few parts per million by silicagel or
another suitable desiccant. The moisture adsorption canister contains a coolant
coil imbedded in the material to allow removal of the heat of moisture adsorption
by a circulating coolant. By counter-acting this heat of moisture adsorption, the
air stream temperature is reduced to provide a lower inlettemperature to the
CO2 adsorption canister. This procedure offers higher CO 2 removal performance
by the zeolite material. The heat absorbed by the circulatingtransport fluid is
eventually rejected in the thermal control system.
The CO2 adsorbent is a zeolite material of the alumino-silicate family with open
pores in the molecular structure. The zeolite exhibits a preferential affinity for
moisture (to the exclusion of CO2); thus, the requirement for a moisture adsorp-
tion canister upstream of the zeolite bed. After giving up its CO 2 to the zeolite,
the process air passes through a heat exchanger, where its temperature level is
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increased to the extent of the temperature available in the circulating heat trans-
port fluid. The system circulating fan is also incorporated at this point to allow
the fan heat to contribute to temperature rise in the process air.
Finally, the air stream passes through the off-line silica gel bed, where its
temperature is increased further by electrical heaters to a level sufficient to
purge the moisture from the silica gel beds. The CO2 free air stream with the
purged moisture then returns to the main system.
The system is provided with continuous operation by having dual sets of silica gel
and zeolite canisters. In each case, one canister is adsorbing while the other is
being desorbed (the silica gel by heat addition and the zeolite by exposure to
vacuum)° Zeolite may also be regenerated by heat addition; however, since this
initial analysis is on the basis of no CO2 collection, vacuum is the most economi-
cal method. Since the CO2 is to be collected for later use in a CO 2 reduction
system, an analysis was performed to determine an optimum transfer method
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(whether by pumping from vacuum desorption or providing thermal desorption of
the zeolite with a less stringent pumping power requirement). The primary
weight associated with the CO2 removal system is that of the moisture, the CO 2
adsorption canister and the included chemicals. This amounts to better than 50%
of the total system weight, with the rest of the weight distributed between the
other components.
Results
This section provides the results of the system comparative analysis. Figure
2-29 presents the fixed weight of the system as it varies with CO 2 production rate
(crew size) and desired cabin CO 2 concentration. To allow determination of the
overall fixed weight associated with this system, the weight with expendables for
420 days is also illustrated as a function of the CO2 production rate. It must be
pointed out here that the expendable weight does not include the packaging asso-
ciated with these expendables to allow more flexibility of data usage. Figure 2-30
illustrates the peak power consumption of the system as a function of the produc-
tion rate. This power is peak power for the system, and as such, must be
considered somewhat differently than normal power usage. The electrical heaters
in the silica gel canisters are the prime power consumer of the system. However,
they are not in continuous usage, but rather are turned on only long enough to
sufficiently heat the bed for purging while the rest of the half cycle is devoted to
carrying off the moisture and allowing the bed to cool down to a sufficiently low
temperature for adsorption of the moisture on the next half cycle. Thus, the
average power requirements are considerably less than those shown. To allow
consideration of a weight plus power penalty as a function of crew size changes,
Figures 2-31 and 2-32 have been prepared. These figures illustrate the equiva-
lent system weight as a function of crew size for a 420 day mission. This weight
then includes fixed weight, a weight penalty for power, plus the expendable
weight (02 and N2 ullage) for 420 days. For consideration of a mission duration
other than 420 days, one can simply adjust expendable weight at the rate of. 067
lbs per man day to the period in question.
Figures 2-33 through 2-36 allow rapid determination of weight change as a func-
tion of mission duration. These figures illustrate initial launch weight as a
function of mission duration. Figure 2-33 illustrates this weight as a total of
fixed weight and expendable weight only for typical average crew sizes of 2, 6, 9,
and 12 men as illustrated by the CO2 production rate curves of 4, 12, 20 and 28
lbs per day. To provide an illustration of the effect of power on this total equiva-
lent weight, Figures 2-34, 2-35 and 2-36 have been prepared which add the cost
of power in pounds to the fixed weight plus expendables curve in Figure 2-33, at
power penalties of 200, 300, and 500 lb/KW, respectively.
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2.5.4 Conclusions
2.6.2
The trade-off presented here is a consideration of this system as used for CO2
removal only, without regard t ° the rest of the life support system. Therefore,
a possibility of system improvement from an equivalent penalty basis exists when
total life support system integration is considered and waste heat availability is
determined. The system is dependent upon inlet dew point for performance effi-
ciency with improved operation at lower inlet points; thus, the process air delivery
point from the main system is a major consideration for final system integration.
Solid adsorption as a process is well advanced in state-of-the-art when compared
with other methods of CO2 removal°
Although Hamilton Standard had sufficientin-house data to analyze the system
approach for this study, there are other competent organizations also working
with this approach for CO2 removal, thus assuring adequate development status
of regenerable solid adsorption systems by 1973.
Liquid Absorption
Introduction and Data Source
The basic principle of a liquid absorption CO2 removal process is similar to that
of the solid adsorption in that CO2 is removed by a regenerable absorbent con-
tained within the system and is driven off to collection or disposal by regeneration
of the absorbent. In this case, rather than a solid zeolite, a circulating liquid
solution is utilized. Data availability for this system approach is somewhat
limited due to the development status of liquid absorption systems; however,
considerable theoretical analysis and state-of-the-art work at Hamilton Standard
has provided an adequate foundation for system sizing.
System Description
Figure 2-37 presents a schematic diagram of the liquid absorption system. The
circulating liquid chosen for this study is a potassium carbonate (K2CO 3) solu-
tion. This was chosen as the best liquid absorbent after analysis of other potential
candidates. Inlet air from the thermal control system at a temperature of 77°F
enters the CO 2 removal system through a liquid contactor° The gas-liquid mix-
ture at the inlet of the eontactor is carried through the contactor, where mass
transfer of the CO 2 from the process air to the liquid takes place. The CO2
reacts with the potassium carbonate and water to form potassium bicarbonate.
The potassium bicarbonate and CO2 free process air leaves the contactor and
enters a separator where the gas-liquid separation returns the air to the cabin
and pumps the liquid through the rest of the system.
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The liquid is now heated by a regenerable heat exchanger and an electrical heater
to a temperature sufficient to dissociate the bicarbonate and release the carbon
dioxide. From this point, the circulating solution now contains water vapor,
carbon dioxide, potassium carbonate, and some potassium bicarbonate. A second
separator is utilized to separate the gas and liquid phases and return the liquid
through the second pass of the regenerative heat exchanger back to the contactor
inlet. The CO2 and vapor phase passes through a heat exchanger to cool the mix-
ture and condense the water droplets. A third separator then removes the water
from the CO 2. When CO 2 collection is desired, it may be necessary to incor-
porate a desiccant bed downstream of the third separator to further dry the CO 2
prior to entering the oxygen reclamation system. This is dependent upon reclama-
tion system input requirements.
The basic principle involved in liquid absorption systems of this type is equili-
brium between the carbonate and the bicarbonate, which is a function of tempera-
ture, potassium concentration and CO2 partial pressure. This equilibrium
relationship can be determined and, from this, a system sized. The relationship
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between liquid flow rate and mean droplet size for a given pressure drop across a
nozzle has been empirically determined, and curves are available in the literature.
(See Perry's Chemical Engineers' Handbook, Third Edition, page 1175). A
decrease in flow rate leads to a decrease in the mean droplet size in the normal
operating range of the nozzle. It was assumed that a mean droplet radius of less
than 70 microns could not readily be achieved, so this was taken as a minimum
value of mean droplet radius. At an assumed pressure drop across the nozzle of
60 psi, this corresponded to a liquid flow rate of 575 lbs/hro Since any further
decrease in liquid flow rate will not lead to a further decrease in mean droplet
radius, given the above assumptions, this rate provides the greatest possible
surface area of liquid droplets created per second, and thus the most rapid rate
of mass transfer per volume of contactor. An increase in liquid flow rate leads to
larger droplets and less total surface area° Liquid phase mass transfer was
considered to be the controlling step in this process, and the contactor size was
therefore considered independent of the CO 2 removal rate for this range of inter-
est. The maximum liquid temperature reached in the system is 159°F down-
stream of the electrical heater. System weight is made up of three major items
in addition to the associated secondary items. The liquid inventory, the regenera-
ble heat exchanger, and the contactor make up about 657c of the total system
weight.
Results of Analysis
Figure 2-38 presents the weight considerations for the system as a function of
CO 2 production rate and CO2 partial pressure. To allow consideration of the
design point mission duration, the weight, including 420 days worth of expendables,
is also plotted in this figure to illustrate the expendable requirements for this
approach. As mentioned for other systems, this expendable rate does not include
packaging weight. Figure 2-39 illustrates the power requirements for the liquid
absorption system. It can be noted that these requirements are relatively con-
stant over the range of interest. This is because a large portion of the power
requirement is for pumping the liquid absorbent, and this flow rate was held
constant. Figures 2-40 and 2-41 illustrate the equivalent weight characteristics
of the system as a function of production rate. These figures illustrate fixed
weight plus expendable weight for 420 days, plus a weight penalty for power.
Determination of weight for another mission duration is accomplished by changing
expendable weight requirements in this figure at the rate of . 022 lbs per man
day to make up the water vapor lost during 02 venting.
Figures 2-42 through 2-45 allow consideration of weight as a function of a change
in mission duration for various crew sizes. In the illustration given, crew sizes
of 2, 6, 9, or 12 men approximately may be determined from the CO 2 production
rate of 4, 12, 20 and 28 lbs per day. Figure 2-42 presents fixed and expendable
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weight only, without power being charged to the system. Figures 2-43, 2-44, and
2-45 present launch equivalent weight including the penalty for power at the rates
of 200, 300, and 500 pounds per kilowatt respectively. Thus, for any given mis-
sion duration, the equivalent weight may be determined from these curves.
Conclusions
The liquid absorption CO2 removal approach has combinations of good and bad
points which make it intriguing in some instances and non-competitive in others.
The high power but relatively flat power characteristics eliminate the system from
consideration at lower crew sizes, but bring it into competitive status at crew
sizes of 10 or more men. A disadvantage of this system is its inherent complexity,
with the contactor and the three liquid gas separators. Development status plus
reliability problems with these items make system applicability somewhat question-
able at this time. However, they do not inhibit it sufficiently enough to rule it out
of further consideration. With a CO 2 reduction system included in overall system
design, liquid absorption then becomes quite attractive due to its ease of delivery
of the CO2 to a collection or a reduction device. It supplies its o_ heat regenera-
bly for the most part, thus reducing external electrical power requirements to a
point lower than that of a system using electrical power for heating. Also,
performance is independent of inlet dew point, which allows more flexibility of
process air tap-off from the main life support system.
CO 2 Removal bv Electrodialysis
Introduction and Data Source
The analysis of CO2 removal by the electrodialysis method was based on recent
data provided by Ionics, Inc. in Cambridge, Massachusetts. This system approach,
which relies heavily on previous Ionics membrane technology, has been the sub-
ject of independent research work on their part and, more recently, a NASA
research and development contract. Their report No. 11-P-63-26, "Carbon
Dioxide Removal and Water Electrolysis Subsystems for Manned Vehicles Having
Extended Missions," supplemented by discussions with their personnel, was the
major source of the data in this analysis° The data presented represents a
prediction of 1973 performance which represents a significant improvement over
current state-of-the-art.
System Description
Carbon dioxide removal with this approach is accomplished by means of ion
exchange reactions which convert the CO2 to ionic species (e. g., carbonate or
bicarbonate ions) and by electrodialysis, which causes the ionic species to migrate
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out of the absorption zones. The CO2 is recovered in a separate high purity
stream. Under normal operating conditions, the equipment utilized for CO 2
removal will also generate up to 50% of the metabolic oxygen requirements,
giving the system a dual purpose within the main life support loop. Most of Ionics'
work has considered a water electrolysis system in conjunction with the CO2
removal system to produce the rest of the metabolic oxygen requirements. This
analysis has not considered both of these systems in operation together, but rather
the CO2 removal function alone° Their work in water electrolysis is discussed in
Section 4.0 of this report.
Figure 2-46 presents a simplified schematic of this system. The primary compo-
nent in the system is the electrodialysis stack which removes the CO 2 from the air
and generates the supplementary oxygen. The inletprocess air is humidified,
to assure maintenance of wet membrane areas, and fed to absorber compartments
where the CO 2 in the air is electrochemically converted to carbonate ions. Under
the influenceof an electricalpotential, the carbonate ions are transferred out of
the absorber into concentrator compartments where they react further to reform
CO 2 gas. At the electrodes, water is electrolyzed to form oxygen and hydrogen.
The purified processed air returns from the absorber to the cabin system. The
CO2 leaving the concentrator is separated from the accompanying moisture by a
gas-liquid separator and transferred to storage or removal as required. A
second separator is used to separate the oxygen generated at the anode from the
water and a third separator performs the same function with the hydrogen gen-
erated at the cathode. Thus, the inlet process air and water emerge as purified
air, water, hydrogen, oxygen, and carbon dioxide gases.
Electrodialysis is a process in which ionized molecules or atoms are transferred
through highly selective ion transfer membranes under the influence of electrical
potential° Ifa solution containing positively and negatively charged ions is fed to
an electrodialysis cell, the positively charged ions (cations)will be attracted to
the negatively charged cathode, and the negatively charged ions (anions) attracted
to the anode. The nature of the ion transfer membrane between the solution and
electrode determines whether or not an ion can migrate through itor be retained
in the solution.
The water is fed to the cathode compartment of the system at a rate sufficient to
provide for the water lost by electrolysis at the cathode, and by electroendosmosis
through the anion membrane into the absorber compartment. In any electrodialysis
process, as ions migrate across the membranes, water is transferred in the
same direction. This water is apparently transferred due to the hydration of the
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ions as well as the electrical potential created by the movement of the ions through
the pores of the membranes. The total water transfer is referred to as endos-
motic water. Actually, the liquid flow rate will be in excess of the electrochemical
requirements to provide cooling of the stack and a sweep stream for the evolved
H 2 and 02 gases.
The humidified cabin air is fed to the absorber compartment. In this compartment,
which contains hydroxyl ions, CO 2 is scrubbed from the air by reaction with the
hydroxyl ions to form carbonate ions and water. The anion exchange material is
continually regenerated by the migration of hydroxyl ions from the cathode into
the absorber compartment. Carbonate ions, excess hydroxyl ions and endosmotic
water are transferred from the absorber into the concentrator compartment
which contains cation exchange material. There the carbonate ions react with
the hydrogen ions to form CO2 and water. The reformed CO2 gas, along with
the endosmotic water, passes out of the compartment under its own pressure.
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As previously mentioned, the liquid is separated from the CO2 by a gas-liquid
separator and returned to the inlet of the system. Similar separators perform
the same function for the hydrogen and oxygen output streams°
Results
The analysis of the electrodialysis CO2 removal approach is somewhat unrealis-
tic when a system is considered for CO2 removal alone° The ability to produce
oxygen at the same time actually detracts from the system competitive position
when compared with other approaches on CO2 removal performance, In an attempt
to negate this difference, the analysis credited the electrodialysis approach with
the oxygen generated during the process. Since the eventual end use of all CO 2
removal systems also includes integration with CO2 reduction systems, this
oxygen generation capacity places electrodialysis in better light for that deter-
mination, as discussed in Section 6.0.
Figures 2-47 and 2-48 present the system weight as a function of the CO 2 produc-
tion rate. Both fixed and expendable weight can be determined from these curves.
Expendable utilization for electrodialysis is on the order of . 04 lbs/man day due to
the moisture lost with the CO 2. Figures 2-49 and 2-50 illustrate the input power
requirements of the system as a function of the CO2 production rate. Due to the
water dissociation feature of the system, this inlet power requirement is quite
high. Figures 2-51 and 2-52 present system equivalent weight as a function of
the CO2 production rate. As was the case with other systems, the weight of
expendable packaging has not been included to allow more flexibility in later use
of the data.
To illustrate the weight of the system as determined by the mission duration,
Figures 2-53 through 2-56 have been prepared. Figure 2-53 presents the weight
of the system as made up by the system fixed weight and the amount of expenda-
bles required. Since power is a consideration in determination of total equivalent
launch weight, Figures 2-54 through 2-56 illustrate this total equivalent weight
as a function of the mission time for power penalties of 200, 300, and 500 lbs/KW
respectively. A design point crew size of 6 men was utilized for these curves.
Conclusions
Ionics seems to have achieved considerable success in system design and is
currently in the process of performing a research and development contract for
the National Aeronautics and Space Administration which should improve the
development status of this approach. The membrane stack life may present some
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problems for long duration missions. The addition of three liquid gas separators
reduces system reliability to some extent and presents some problems not yet
solved by presently developed zero "g" liquid gas separators. The high water
sweep stream required to wash the gas bubbles from the electrodes results in an
outlet mixture which is essentially liquid, thus making gas separation more diffi-
cult. No separator has been tested to date for this application.
The system should operate well in zero gravity application if the separators can be
built. If the predicted performance improvements by 1973 which were used in this
study can he achieved, the system looks worthy of further consideration as a
removal and transfer device. The exhaust of CO2 at elevated pressures improves
integration potential with many CO2 reduction systems.
Miscellaneous Chemical Absorbents
General
In addition to the previous CO2 removal systems, several other methods of remov-
ing and recovering CO2 have been considered. These include removal by absorp-
tion in silver oxide, absorption by alkali metals, and removal by several non-
regenerable metallic oxides and hydroxides. The information available on these
methods is presented in the following section°
CO 2 Removal by Silver Oxide
Silver oxide (Ag20) has been considered as a regenerable CO2 removal agent.
It reacts with carbon dioxide to form the carbonate as follows:
Ag20 + CO 2 _ Ag 2 CO3 (1)
The equilibrium ratio is 5.27 pounds Ag20/lb CO 2. This is much too high to allow
silver oxide to be considered as a non-regenerable absorbent. However, the silver
c:lrbonate is decomposed to the oxide, liberating CO 2, at moderately high tempera-
tm'es (400°F). For this reason, some theoretical studies have suggested the use of
the silver oxide as a regenerable absorbent.
Unfortunately, the silver oxide has a tendency to decompose to silver and oxygen
when heated. The decomposition reaction is as follows:
Ag20----,-- 2Ag + 1/2 02 (2)
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The partial pressure of 02 in this reaction at a given temperature is greater than
the partial pressure of CO 2 in reaction (1). This means that when the silver
carbonate is heated to convert it to silver oxide, the oxide thus formed will have
a strong tendency to decompose to silver and oxygen. The silver, once formed,
is stable and will not react further, so reaction (2) is essentially irreversible.
The only thing that would permit this scheme to be used is a great difference in
reaction rates, with reaction (1) proceeding much faster (by orders of magnitude)
than reaction (2). While little is known about these rates, it is unlikely that such
a large difference would exist. The use of silver oxide as a CO 2 removal agent
must therefore be considered unfeasible.
Alkali Metal Superoxides
The superoxides are a class of chemicals which react with carbon dioxide to form
the carbonate, releasing oxygen in the process. Potassium superoxide has been
manufactured and used for many years, while sodium superoxide has just been
developed. The reactions for both are the same, although sodium superoxide
would be preferable because of its lighter weight° The basic reactions are:
1) 4MO 2 + 2H20 _ 4MOH + 302
2) 2 CO 2 + 4MOH _ 2 H20 + 2M 2 CO 3
This system has fallen out of favor in recent years owing to its high weight penal_
and control problems. The utilization of KO 2 has not been above 80%, due to many
side reactions which occur and to the residual KO2 which must be maintained to
keep up the reaction rate. The humidity of the entering air must be carefully
controlled, as the superoxide becomes a slush if exposed to too much moisture.
Also, it is difficult to match the input and output of the KO 2 bed with the metabolic
requirements of man. The superoxide method was, therefore, not considered
further and no parametric data was prepared for it.
Non-Regenerable Metallic Oxides and Hydroxides
Several metallic oxides and hydroxides have the ability to remove carbon dioxide
from an air stream by converting it to the carbonate. Of these, lithium hydroxide
has undergone considerable development work. The other compounds considered
here (lithium oxide, calcium oxide, magnesium oxide) are mostly theoretical at
this point. The information presented here is from Hamilton Standard research
work done over the past several years.
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These non-regenerable CO 2 removal systems consist simply of a canister through
which the recirculating breathing gas is passed andthe CO 2 is absorbed. The
cartridge is generally constructed so a replaceable cartridge can be replaced at
about one day intervals. The used cartridge is not regenerable and must be dis-
carded.
Lithium hydroxide is the most common of the metallic hydroxides and absorbs
CO 2 according to the following reaction:
2LiOH + CO 2 =- Li 2 CO 3+ H20
The equilibrium ratio between the reactants is 1_ 09 pounds LiOH/lb CO2.
Figure 2-57 shows the weight of LiOH required as a function of time and CO 2
production rate. This curve is based on Hamilton Standard test data. It can be
seen that the use of LiOH is feasible only for short missions where the CO 2 will
not be recovered.
MISSION DURATION DAYS
LITHIUM HYDROXIDE CO REMOVAL
2
WEIGHT VS MISSION TIME
F IGURE Z -- 57
NC, TE S
I, CO 2 GENERATION RATE .T- 2.5 LBS/
MAN DAY .
2. EFFiC]ENCY RANGE : 0,42 (2 MEN
1 DAY) TO 0.85 (,6 MEN 10 DAYS) .
3. EFFICIENCY = LBS CO2//LB LIOH.
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2.8.5
Another such chemical, lithium oxide, reacts with CO 2 as follows:
Li20 + CO 2 _ Li2CO 3
For the reaction as written, the equilibrium ratio is 0.68 pounds Li20/lb CO 2.
This is considerably more favorable than the LiOH. However, there are many
problems connected with the operation of a lithium oxide system. The reaction
only takes place in the presence of water vapor, and it probably is a two-step
process with the hydroxide as an intermediate as follows:
1) Li2 O + H2 O = 2 LiOH
2) 2 LiOH + CO 2 _ Li2CO 3 + H20
Therefore, water must be present at all times in order for this reaction to take
place.
The lithium oxide bed in practice is only usable at very low gas velocities and high
relative humidities. The bed is also subject to dogging due to the formation of
the hydroxide. For these reasons, and at the present stage of development, Li20
must be considered less desirable than LiOH for CO2 removal.
Another non-regenerable chemical, magnesium oxide, absorbs CO 2 as follows:
MgO + CO 2 _-MgCO 3
The equilibrium ratio is 0.91 ibs MgO/Ib CO2. This is slightlybetter than the
equilibrium figure for LiOH. However, the reaction rate for magnesium oxide
is extremely slow (except at high temperatures) and the system is less desirable
than lithium hydroxide for this reason.
The last such chemical to be considered is calcium oxide, which reacts with CO 2
as follows:
CaO + CO 2 -_ CaCO 3
The equilibrium ratio is 1.27 lbs CaO/lb CO2. This is worse than that for LiOH
and the reaction rate is very slow except at elevated temperatures. This absor-
bent should not be considered further.
Conclusions
The chemical CO 2 absorbents were considered primarily for the short duration
portions of the mission such as earth blast-off and rendezvous with the Mission
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2.9
Module, short time extravehicular excursions in deep space, Mars blast-off and
rendezvous with the Mission Module, and Earth Re-entry Module. Of the absor-
bents considered, only LiOH and Li20 show much promise. LiOH has the advan-
tage of a much more advanced development status than Li20. However, it is
possible that future work with Li20 may solve the problems associated with Li20,
resulting in a slightly lighter weight than that associated with LiOH.
Comparative Discussion
To permit proper evaluation of the various methods of CO 2 removal, comparison
plots have been made. Figure 2-58 shows the comparison of the fixed weight of
the various systems. This curve is of littlevalue by itself because for long mis-
sions, the additional expendables must be considered the same as fixed weight.
However, itis included here to permit evaluation of future developments such as
reductions in the rate of expendable use. The power required by each of these
systems is shown in Figure 2-59. This curve illustrates that solid adsorption and
cryogenic freeze-out are the most competitive systems from a power requirement
basis, in that they are about 100 watts under the nearest competitor -- liquid
absorption. The previous fixed weight competitors, mechanical freeze-out and
membrane diffusion, require substantial amounts of power, thus making them
unattractive for a CO 2 removal aspect alone. As mentioned in the individual dis-
cussion, however, the electrodialysis approach utilizes a portion of this power to
generate oxygen from the circulating water. Thus, although an attempt has been
made to credit the system with this power to establish it on a removal basis alone,
it cannot be truly considered as solely a removal system.
Figures 2-60 through 2-62 present a comparison of the total equivalent weights of
all systems for a 420 day mission as a function of CO2 production rate for power
penalties of 200, 300, and 500 pounds per kilowatt. It can be seen that the most
competitive systems for the 420 day 6 man mission with a 500 pound per kilowatt
power penalty are solid adsorption, liquid absorption and cryogenic freeze-out.
Final selection of one of these approaches is dependent on integration with the rest
of the system and is covered in Section 6.0 of this report.
To permit evaluation of the various systems for mission times other than 420 days,
Figures 2-63 through 2-65 are presented. It can be seen that for a 500 pound per
kilowatt power penalty, solid adsorption and cryogenic freeze-out are competitive
over the entire range from zero to 420 days, and that liquid absorption becomes
more competitive with longer mission durations.
Other factors which must be considered in the selection of a system are reliability
and development status. From this standpoint, the solid adsorption system has the
advantage of a rather advanced development status, whereas the development status
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of the cryogenic freeze-out is very poor. Cryogenic freeze-out can be considered
only for systems which do not reclaim the oxygen from the CO2 and which have
adequate cryogenic stores on board.
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3.0 CO 2 REMOVAL AND TRANSFER SYSTEMS
3.1 Introduction
In order to arrive at a more complete picture of the weight and power penalties
associated with a carbon dioxide reduction system, the sum of the collection,
transfer, and actual reduction process penalties must be considered. Section 2.0
presented studies of CO2 removal systems without CO2 transfer and storage. Some
additions or modifications must be considered, however, so that the CO 2 transfer
fur, ction can be effected. This section supplements Section 2.0 and completes the basic
study of CO2 collection and transfer. This work, done as part of the major subsystem
integration phase, is included at this point to allow the reader more flexibility in CO2
removal subsystem definition. Section 6.0 presents the comparison of integrated
CO2 collection, transfer, and reduction systems. Only the candidate systems deter-
mined by Section 2.0 are considered here, and the discussion centers around the
changes required by the transfer requirements.
3.2 Transfer Systems Sizing
The evaluation of the six CO 2 removal systems discussed in Section 2.0 showed only
solid adsorption, liquid absorption, and electrodialysis to be competitive for inte-
gration with systems employing oxygen recovery. Cryogenic freeze-out was eliminated
since it is very unlikely that sufficient make-up oxygen will be stored cryogenically
for long duration missions to meet the flow requirements of that system in the Mars
Excursion Module, on the other hand, the fuel cell used as a source of power provides
an ample source of oxygen (which makes cryogenic freezeout feasible for that system).
Mechanical freeze-out has non-competitive weight and power characteristics along with
reliability problems inherent with rotating equipment. The development status of
membrane diffusion systems and the unattractive equivalent weight characteristics
ruled this approach out at this time.
3.2.1 Solid Adsorption CO2 Removal and Transfer
The first removal system to be discussed is the solid adsorption system. CO2 can be
collected from the solid adsorbent zeolite material by three primary methods:
1. Vacuum desorption through use of a vacuum pump.
2. Heated desorption by electrical power or circulating fluid.
3. A combination of heat and low pressure.
Each of these methods was evaluated to provide an indication of its relative merits
for the Mars Mission application.
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3o2.1 (Continued)
In the consideration of a total vacuum desorption method, an extensive review was
made of vacuum pump characteristics in order to evaluate the compatibility of present
day vacuum technology with the solid adsorption system requirements. The ultimate
pressure required for canister desorption with no supplementary heat falls at 0.2 mm.
Hg. in the medium vacuum range. For this vacuum range and the capacities required
for this CO2 transfer system, a rotary positive displacement piston pump was found to
have the most attractive characteristics.
In order to permit a simple characterization of the pumps with respect to their pumping
speed, a standard pressure is taken as the basis for specifying the displacement, with
this pressure being atmospheric for rotary pumps. Figure 3-1 shows a typical variation
of displacement with pump suction pressure for a rotary piston pump. The adiabatic
efficiency of compression is mainly a function of pump capacity and suction pressure
as illustrated by Figures 3-2 and 3-3. The theoretical adiabatic work for CO2
co_pression per unit capacity as a function of pump suction pressure for a constant
delivery pressure is shown in Figure 3-4.
1.30
ROTARY PISTON VACUUM PUMP
EFFICIENCY CORRECTION FACTOR VS. CAPACITY
1.20
1.00
100, 200 300
PUMP.CA PACITY-(CFM) MAX
FIGURE 3--2
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3-3
HAM II,.TON STANDARD
DIVISION OF UNITED AIRCRAFT
ROTARY PISTON VACUUM PUMP
EFFICIENCY VS SUCTION PRESSURE
0 10 20
A.//c
FIGURE 3--3
3O
3-4
HAM ILTON STANDARD
DIVISION OF UNITED AIRCRAFT
1000
CARBON DIOXIDE
ADIABATIC WORK OF COMPRESSION VS SUCTION PRESSURE
50(
10(
2 4 6 8 10
ADIABATIC CO2COMPRESSION WORK-WATTSJcFM
FIGURE 3--4
12
3-5
HAM ILTON STANDARD
DIVISION OF UNITED AIRCRAFT SLS 414-2
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It was noted that pumps having the capacity required for this application have D on the
whole, been developed only for industrial applications and therefore exhibit high weight
characteristics. Figure 3-5 shows this variation with pump rated capacity. The infor-
mation on present state-of-the-art pump capabilities came from a survey of catalogs
of the leading manufacturers, including Leybold, Stokes, Consolidated Vacuum, Kinney,
Veeco, and Beach-Russ. Super-imposed is a plot showing a reasonable predicted weight
for spacecraft quality pumps. These figures illustrate the overall characteristics of
vacuum pumps used in evaluating system performance for the study.
It is desirable during the initial portion of the CO2 canister desorption cycle to dis-
charge the pump to the cabin environment, since the initial pump discharge during
canister pump-down is mostly cabin air which appears as canister ullage at the comple-
tion of the previous adsorption cycle. Afte:¢ t_e canister is drawn clown, pump discharge
is directed to the CO2 accumulator, thus p_oviding relatively pure CO2. Figure 3-6
shows the pump-down characteristics for various capacity pumps and can be used in
establishing cycle sequence times.
TRANSFER PUMP CHARACTERISTICS
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The results of the study of total vacuum desorption of the canisters are illustrated
in Figures 3-7, 3-8, and 3-9. A review of these figures rapidly illustrates that
this method is totally unacceptable for an optimum system. Fixed weight, as shown
in Figure 3-7, is about 1200 pounds for a 6 man system (12.72 lbs CO2/day ).
Further, the corresponding power requirement (Figure 3-8) is 2600 watts, thus
yielding a total equivalent weight for 6 men between approximately 1700 and 2500
pounds, dependent upon the power supply, as shown in Figure 3-9.
The next area investigated was that of partial pumping accompanied by heated
desorption.
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By using heat addition to the CO2 canister during desorption, the desorption can
be accomplished at a higher pressure, thus reducing pumping power but increasing
heating requirements. As the desorption pressure is raised, less pumping power
and lower capacity is required; therefore, a smaller weight pump can be used.
Counter-acting these factors is the increase in power required to raise the bed to
higher temperatures. Therefore, a trade-off can be performed to determine the
optimum desorption pressure and temperature combination. Since the thermal mass
of the canister is involved, the transfer system must be mated to the solid adsorption
removal system to evaluate overall optimum desorption temperature and system cycle
times. In the integrated systems, a portion of the pump input power is removed from
the CO2 delivery stream in the form of heat and used to aid in desorbing the silica gel
canister. The optimum point of operation, of course, depends on the heating power
and electrical power equivalent weight penalties.
The results of the optimization for the Mars Mission Module conditions are shown
in Figures 3-10, 3-11, and 3-12 and are much more acceptable than the total pumping
method. These figures illustrate the total penalties for both CO2 removal and transfer
using partial heated desorption. The method of heating was electrical only, and heating
power therefore cost as much as pumping power. It was assumed that 120°F heat was
available from the electronics equipment. Waste heat from the nuclear reactor was
not employed in this method. The total fixed weight of removal system and pump for a
6 man system is approximately 220 pounds, which is a considerable improvement over
the full pumping system. Power, as shown in Figure 3-11, is under 700 watts, of which
300 is required for electrical heating. Both of these curves yield an equivalent weight
range from 340 to 575 pounds, dependent upon the power supply.
A second optimization was performed assuming that heat will be available at no
power penalty in the Mars Mission. The heat source in this case would be waste
heat from the nuclear reactor. Results of the optimization indicate that under these
conditions, the best method of accomplishing the transfer system is that of total
heated desorption with no pumping requirements.
Figures 3-13, 3-14, and 3-15 present the results of the total heating analysis from
a weight, power, and equivalent weight basis (based on zero penalty for waste heat).
As expected, this is the lightest weight method. The total fixed weight of the collection
and transfer system is reduced to under 110 Ibs. for the 6 man system. The power
required is all electrical and requires a total of 95 watts. The elimination of the
vacuum pump and the lower power cost presents a savings in equivalent weight of
72% to a figure of approximately 158 pounds (Figure 3-15). Thus, with heated
desorption using reactor waste heat, the combined CO2 removal and transfer penalty
is less than the penalty for CO2 removal alone shown in Section 2.0 for electrical
power.
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3.2.2
3.2.3
Liquid Absorption
The liquid absorption system required no complex transfer system since CO2 is
desorbed by heating the absorption fluid at essentially ambient pressure. The
flow schematic is similar to that shown in Section 2.0, with the water saturated
CO2 now directed to the CO2 reduction system. Should the reduction system require
a dry delivery gas for efficient operation, a parallel pair of desiccant beds alternate-
ly cycled can be employed to dry the CO 2 stream. The heat necessary for regen-
erating the absorption fluid is supplied by reactor heat at zero cost.
The results of the system optimization for the Mars Mission Module conditions are
shown in Figures 3-16 through 3-18. The fixed weight curve shows a relatively
small increase with CO2 process rate since the absorption liquid flow is kept constant.
The weight increase can be attributed to an increase in contactor length and process
air flow rate. The regenerable heat exchanger, contactor, and liquid inventory
make up approximately two-thirds of the total system fixed weight. The combination
of low fixed weight and relatively low electrical power penalties make the total
equivalent weight attractively low, as shown in Figure 3-18.
Electrodialysis
The eleetrodialysis removal system also provides fox" CO 2 transfer at system
pressure. The flow schematic is similar to that shown in Section 2.0. However,
if the hydrogen is used in the CO 2 reduction system (]3osch & Methoxy systems),
the cell effluent CO2 and hydrogen flow can be combined and passed through a
single liquid gas separator. CO 2 delivered to the reduction system is saturated
with water. Should drying be required for efficient reduction system operation, a
pair of desiccant beds in a parallel flow arrangement can be alternately cycled
The fixed weight, power, and total equivalent, weight are shown in Figures 3-19
through 3-21. The equivalent weight is quite high relative to other methods of CO2
management. However, as has been previously noted in Section 2.0, the electrolysis
of water is an integral function of system operation. Therefore, when the system
is integrated into an overall environmental control system requiring a water electroly-
sis capability, a credit penalty reduction can be applied to the electrodialysis unit.
This is shown in the aforementioned figures for porous electrode electrolysis cell
penalties. In the optimization procedure, it was noted that the optimum electrodialysis
cell current density for minimum total equivalent weight was approximately the same
for the three power penalties (200, 300, and 500 lbs/KW) considered. However, in
applying credit for water electrolysis, the porous electrode electrolysis cell optimum
current density was found to be quite sensitive to varying power penalty. This is
reflected in the curves, which show the credit for the three power penalties.
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3.3
The fixed weight, power, and total equivalent weight are shown in Figures 3-19
through 3-21o The equivalent weight is quite high relative to other methods of CO2
management. However, as has been previously noted in Section 2.0, the electrolysis
of water is an integral function of system operation. Therefore, when the system
is integrated into an overall environmental control system requiring a water
electrolysis capability, a credit penalty reduction can be applied to the electrodialysis
unit. This is shown in the aforementioned figures for porous electrode electrolysis
cell penalties. In the optimization procedure, it was noted that the optimum electro-
dialysis cell current density for minimum total equivalent weight was approximately
the same for the three power penalties (200, 300, and 500 lbs/KW) considered. How-
ever, in applying credit for water electrolysis, the porous electrode electrolysis
cell optimum current density was found to be quite sensitive to varying power penalty.
This is reflected in the curves, which show the credit for the three power penalties.
CO2 Collection and Transfer System Comparison
Figures 3-22 through 3-24 present a comparison of the candidate removal and trans-
fer systems with waste heat desorption. Comparison of the three systems (liquid
absorption, solid adsorption, and electrodialysis with credit for the water electrolyzed),
show that, at the 6 man design process rate of 12.72 pounds per day, the equivalent
weights are within 20 pounds. In the case of the liquid absorption system, however,
a flatter slope of total equivalent weight with CO2 process rate exists. The result of
this is a 70 pound reduction of total equivalent weight over the solid adsorbent at
a 28 pound per day CO2 process rate.
In order to obtain a more complete perspective of available CO2 collection and
transfer systems_ other factors such as development status and delivery condition of
the CO2 must be considered. Since the reduction systems are sensitive to quantities
of moisture and cabin air in the transported CO2 _ these quantities can be used as a
point of comparison. This is discussed in Section 6.0 on CO2 management.
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CO2 REMOVAL AND TRANSFER SYSTEM
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4.1
4°2
4.1.2
WATER ELECTROLYSIS
General
Objectives
The study of water electrolysis systems takes a different approach than that of many
of the other subsystem investigations. Water electrolysis is, in principle, one
approach (that of dissociating water into hydrogen and oxygen), and cannot readily
be examined using many different principles or theories. The basic problem is the
determination of a best approach to the electrolysis problem of the many variations
being considered throughout industry.
Electrolysis systems are of primary interest for this study for two applications.
The first application is as a potential oxygen generation device replacing the more
conventional stored oxygen thus allowing water to be stored rather than cryogenic
or gaseous oxygen at elevated pressures. The second area of interest for water
electrolysis systems is as a portion of certain CO2 reduction systems. CO2
reduction equipment using hydrogenation processes produces water as an intermediate
product. Thus, it becomes necessary to dissociate the water to provide oxygen and
also to regenerate the hydrogen for recycling within the system.
For purposes of this study, a review of the various electrolysis approaches being
taken throughout industry was necessary to determine the potential weight, power,
and equivalent weight characteristics of electrolysis systems to be used in further
system integration work. An analysis presents an optimization of each of the
approaches to determine minimum weight points and then selection of a representa-
tive approach for amplification into working data for the rest of the system integra-
tion study. By pursuing the study in this fashion, the output of this subsystem phase
is sufficient design data for integration in open system oxygen supply equipment or
closed system CO 2 reclamation equipment.
Discussion of Data Presentation
The organization of this section is somewhat different from other sections in that
a basic description of electrolysis processes precedes the discussion of the various
approaches considered. This is possible due to the similarity of all the processes
in basic principles.
For each electrolysis method considered, an optimization of system equivalent
weight is presented to allow determination of the minimum point for current state-
of-the-art equipment and, in many cases, for predicted performance of improved
equipment in the future. Each variation is accompanied by a brief description of
its particular processes and a simplified schematic approach to system operation
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to allow understanding of the differences.
The final data presentation to be utilized for further subsystem integration work
takes two forms. The first form is an illustration of the weight and power require-
ments as a function of the metabolic requirements for the crew. This will illustrate
the weight penalties for the open system approach. Secondly, the data ispresented
to illustrate the fixed weight, power, and equivalent weight as a function of the amount
of water processed by the system. Presentation of the data in this manner is more
general and allows more flexibility of use in integration with CO2 reduction systems.
The usage of both sets of data allows consideration of water electrolysis for both
major applications.
General Discussion of Process
Electrolysis is an electrochemical process by which water can be dissociated into
its basic elements, hydrogen and oxygen. The gross process may be written on a
mole basis asH20-_ H2 + 1/2 02, or on a weight basis as H20_ .111 H 2 + .889 02 .
To allow the electrolysis process to proceed, the water must be ionized to form an
electrolyte. This is normally accomplished by the addition of an acid or base such
as sulfuric acid or potassium hydroxide. In the latter case, reaction is as follows:
H20 + KOH--_2OH- + H + + K +. In the electrolysis cell, reactions occur at an anode
and cathode. At the cathode, the hydrogen ions combine with free electrons to form
hydrogen whereas at the anode the hydroxyl ion loses an electron to form gaseous
oxygen and water.
The potential difference required between the anode and cathode is a function of the
electrode material and shape, the electrolyte itself, the electrolyte temperature
and pressure, and the electrode current density. The theoretical potential difference
based on free energy considerations is 1.225 volts at 14.7 psia and 72°F, and varies
with pressure and temperature as indicated in the Figures 4-1 and 4-2. In actual
practice, the voltage required is in the range from 1.5 to 3 volts dependent upon the
previously mentioned parameters. The actual voltage will decrease with an increase
in temperature or an increase in pressure. This is true since bubble size is decreased
with increased pressure and the electrical resistance of the electrolyte is thereby
decreased. This is in contrast to the fact that theoretical voltage shows an increase
with pressure.
The basic problem in operating a conventional electrolysis unit under zero gravity
conditions is the separation of the evolved gas from the electrolyte. This is the main
area of difference between the various systems being developed in industry today for
space application. The schemes utilized range from liquid-gas separation through an
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4.2
artificial gravity field to the use of selective ion transfer membranes. Operation of
these systems in a one g environment indicates potential adaptability to zero gravity
operation. However, none of the current units have been run for a long enough period,
or under simulated spacecraft installation conditions to demonstrate satisfactory
reliability for long missions.
To arrive at a selection of a typical system approach, the initial comparison was
made on the basis of equivalent weight over a range of power penalties and subsystem
availability. For this phase of the study, weight penalties for the water storage
equipment have not been included since the amount of stored water required is dependent
upon the system into which the electrolysis unit is eventually integrated. This allows
more flexibility of use in later applications.
The current or faradayic efficiency for the systems investigated is between 99 and
100%. Therefore, the relationship between water consumed and oxygen produced may
be calculated from the chemical equation for the reaction. The electrode potential
difference increases with current density for all the cells investigated and is the cause
of the increase in power equivalent weight with current density. The only variatien
of the equivalent weight with extended mission duration may be brought about by
reliability requirements, leading to sturdier construction for longer missions.
Rotating Electrolysis Cell with Conventional Electrodes
The analysis of this particular electrolysis approach is based upon two Air Force
contracts performed by Battelle Memorial Institute and the AiResearch Manufacturing
Co. The reports "Research on the Electrolysis of Water Under Weightless Conditions"
Report No. MRL-TDR-62-44 by Battelle and "Analytical Methods for Space Vehicles
Atmospheric Control Processes" Report No. ASD-TR-61-162 by AiResearch provided
the basic data utilized in analysis of this approach.
The unit is a conventional type electrolysis cell, which is rotated as illustrated in
Figxtre 4-3 to provide a hydrostatic pressure gradient in the electrolyte, so that the
oxygen and hydrogen bubbles will flow toward the center of rotation and thus separate
from the electrolyte. The electrolyte considered is a 28% (By Weight) solution of
potassium hydroxide in water. This solution provides maximum conductance. The
laboratory model design current density is 36.6 amp/ft 2 and the maximum current
density that was obtained during testing is 59 amp/ft 2.
Figure 4-4 illustrates the optimization of this system approach to determine the
lowest equivalent weight operating parameter. As seen in the figure, the optimum
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equivalent weight occurs at a density of 195 amp/ft. 2 at the power penalty under
consideration (500 Ibs/KW). Since no indication of polarization at 59 amps/ft. 2
was noted and other similar electrolysis cells have been successfully operated at
higher current densities, it was assumed that the system would be capable of suc-
cessful operation at the higher (optimum) current density. If cell cooling causes
a problem, this could potentially be overcome by the addition of a cell cooling sys-
tem. Figure 4-5 presents an estimate of the potential performance of the system
with added development effort and modification. As illustrated by comparison of
Figures 4-4 and 4-5, the optimum equivalent weight at a power penalty of 500 lbs/KW
could be reduced from 1020 to 940 lbs. by further development work in the opinion
of _attelle. The particular approach is well established in industrial application
and upon successful solution of the zero gravity separation problems could prove
a reliable concept for space utilization.
Porous Electrode Electrolysis System
This system under development by the TAPCO Div. of Thompson Ramo Wooldridge,
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Inc., has been analyzed utilizing TAPCO Report No. ER-5482 "MOSS and MARS
Environmental System S_._.d_.es" supplemented by discussions with TAPCO personnel.
A similar approach is also under investigation by Pratt and Whitney Division of
United Aircraft Corporation.
The system under development by TAPCO appears to provide operation independent
of gravity. The basic cell construction as illustrated in Figure 4-6 utilizes a 28%
solution of potassium hydroxide by weight as the electrolyte. The electrolyte is
transported from a sump to the electrodes by a nylon wick material. An asbestos
divider is placed between the wick and the anode to prevent oxygen bubbles from
passingback into the electrolyte due to the positive pressure gradient in the direction
of gas flow. Asbestos is not required on the cathode side. The generated gases flow
through the porous electrode by capillarity, then out of the cell between the electrode
and the cell parting sheets which are separated by a monel screen which also serves
as a current distribution device.
H:)O ELECTROLYSIS SYSTEM
POROUS ELECTRODE CELL
02 H Z (WATER VAPOR SATURATED',
_1_ CELL DIVIDER
16 MESH MONEL
PLATINUM ELECTRODE
I _ _ ASBESTOS PAPER
[ _ _ _'] NYLON WICK
NOTE : HYDROGEN ASSEMBLY NOT THE SAME AS
OXYGEN ASSEMBLY
H20 RESERVOIR
F IGURE 4--6
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Water carry-over is limited to vapor with which the gases are saturated. The cell
presently developed has been run at a current density of 165 amps/ft 2 with good
results. Further discussions with TAPCO personnel brought out the fact that use of
current densities up to about 500 amps/ft 2 should present no problem other than
cell cooling, which could be overcome by incorporating a cooling system. Although
zero gravity operation of the cell has not been fully established, the only problem
to be anticipated is a change in the electrolyte film characteristics on the screen
side to the electrodes. This may affect water carry-over. However, it is be-
lieved that this problem may be solved by proper feed water regulation. Figures
4-7 and 4-8 illustrate the optimum configuration under current thinking and as
predicted for future operation. The comparison of both figures at the power penal-
ty of 500 lbs/kw indicated an expected reduction in equivalent weight from 1100 to
695 lbs, which is a considerable change if the anticipated development improve-
ments can be accomplished.
Rotating Electrolysis Cell with a Hydrogen Diffusion Cathode
This system, as explained in Air Force Report AMRL-TDR-62-94 "Research on
Electrolysis of Water with a Hydrogen Diffusion Cathode to be Used in a Rotating
Cell" was investigated by Battelle Memorial Institute. The distinguishing feature
of this electrolysis cell is the cathode. Centrifugal force produced by the ceil
rotation is used to establish a hydrostatic pressure gradient in the electrolyte, so
that evolved 02 bubbles will flow toward the center of rotation, thus separating
from the electrolyte. Separation of the gaseous hydrogen and oxygen is accom-
plished by a Palladium foil hydrogen diffusion cathode that will permit generation
of hydrogen into a gaseous phase on the side of the cathode opposite the side on
which hydrogen is deposited by electrolysis of water. Since the cathode operation
isby diffusion, it is independent of gravity. Figure 4-9 illustrates a possible
method of constructing this particular electrolysis cell.
Battelle data indicates successful cathode operation has been established at current
densities up to 265 amps/ft 2 with 100% hydrogen transmission. An optimistic
prediction of cell performance by Battelle indicates that an equivalent weight of
approximately 650 lbs may be achieved after further development for a power
penalty of 500 lbs/kw. This is illustrated in Figure 4-10. If the fixed weight
predicted can be achieved, the optimum weight for a power penalty of 500 lbs/kw
will occur at a current density of 100 amps/ft 2. All of this data must be considered
very optimistic at this time due to the very early stages of development for this
particular approach.
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4.5 Combined Electrolysis Vortex Separator Cell
The Pratt & Whitney Aircraft Division of United Aircraft Corporation has performed
preliminary testing toward the development of a 500 watt solar regenerative hydrogen-
oxygen fuel cell power supply system designed to operate in an equatorial orbit.
This work was done under contract No. DA 36-039-SC 85259 and is reported in
Pratt and Whitney Report No. PWA 1894 (Research on a 500 Watt Solar Regenerative
H 2 - 02 Fuel Cell Power Supply System). The electrolysis portion of this unit consists
of a pair of contoured wall vortex separators mounted axially on either side of a
diaphragm. Electrolysis is carried out across this diaphragm as indicated in
Figure 4-11.
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In this unit the electrolyte is pumped into a pressurized chamber surrounding the
cell. The electrolyte flows from this chamber into the vortex cavity through
vortex generating nozzles. In the vortex cavity the gas is generated at the face of
the electrodes and flows toward the center of the cell with the electrolyte. At this
point the gas and liquid are separated, the gas flowing to the storage area and the
liquid being returned to the pump and recirculated to the cell. This cell has run
at current densitites of 700 amps/ft 2 with good results. At this current density for
a power penalty of 500 lbs/KW, the cell does not reach its minimum equivalent
weight; however, the equivalent weight is of the same magnitude with other units of
similar development status. Figure 4-12 illustrates the optimum weight considera-
tion for this particular approach.
H20 ELECTROLYSIS SYSTEM
COMBINED ELECTROLYSIS- VORTEX GAS LIQUID SEPARATOR UNIT
)RTEX GENERATING
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ELECTRODES
VORTEX CAVITY
ELECTROLYTE
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Organic Membrane Electrolysis Cell
This system approach, under development by Ionics, Inc., utilizes organic membranes
for the basic media. The system, as described in Ionics Report No. 11-P-63-26
(Carbon Dioxide Removal and Water Electrolysis Subsystems for Manned Vehicles
Having Extended Missions),has been the subject of independent research by Ionics
as well as a current NASA contract.
The unique feature of this system approach is the utilization of an organic cation perm-
selection membrane, which permits the passage of the hydrogen ion only as illustrated
in Figure 4-13. Oxygen is liberated at the anode and hydrogen at the cathode. The
gas water mixture is then passed through a passive gas liquid separator as shown in
Figure 4-14.
Figure 4-15 illustrates the current state-of-the-art performance of the Ionics cell.
As indicated by this figure, the current density for minimum equivalent weight is in
the order of 6.2 amps/ft 2 for a power penalty of 500 lbs/KW. Ionics has done con-
siderable testing with an electrode current density of 10 amps/ft 2 with good results.
As illustrated in Figure 4-15, the equivalent weight at the 500 lbs/KWpenalty is about
1090 lbs. Predicted performance estimates by Ionics indicate a reduction of equivalent
weight to the order of 850 lbs. by 1973. This is illustrated in Figure 4-16. This
particular system approach looks very promising for further spacecraft utilization.
Ion Exchange Membrane Electrolysis Cell
Another system which may prove very competitive is the inorganic ion exchange
membrane cell. Its operation is similar to the organic membrane cell previously
discussed. Figure 4-17 illustrates the basic cell operation. Water enters at the
oxygen electrode and penetrates the cationic exchange membrane through the porous
anode into the membrane. Hydrogen ions from the ionization of water traverse the
membrane to the cathode where each receives an electron and is discharged as
hydrogen gas. Simultaneously, the hydroxyl ions give up their electrons to the
anode and are dissociated to oxygen gas and liquid water. The water is then elec-
trolyzed while the oxygen leaves the compartment. Indications are that the equivalent
weight of this system is in the same magnitude as the organic membrane system being
developed by Ionics Inc. Insufficient data was available during the study to size this
system although Illinois Institute of Technology is actively working on this approach.
Comparative Discussion
The selection of a typical system approach for inclusion in further system integration
studies is not clear cut at this time due to the predicted potentials of all the systems
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H20 ELECTROLYSIS SYSTEM
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investigated to-date. However, to provide a representative set of data for further
analysis, one system was selected as a representative candidate. Figure 4-18
illustrates the comparative weights of each approach for an 11.03 Ib/day 02 generation
rate.
Of the systems investigated, the porous electrode system cell being developed by
TAPCO and Pratt and Whitney was selected for integration with other subsystems.
If the predicted development can be realistically attained, this cell offers the best
potential performance characteristics by the expected use period. Although the
organic and inorganic cells cannot be completely ruled out at this point in system
development, experimental successes with small porous electrode units tend to
indicate future success, thus leading to its selection as the model to be used in further
system analysis..For system integration purposes, it is usually possible to consider
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the electrolysis system as a "black box" which takes in water and electrical energy
and evolves gaseous oxygen and hydrogen. This flexibility will allow insertion of
another system approach with minimum effort during later integration studies if
another approach proves more feasible than that being considered.
To allow utilization of the data for further system integration, it has taken two dis-
tinct forms. Figures 4-19 and 4-20 illustrate the power and equivalent weight
requirements as a function of the crew size considered° These figures are based
on the metabolic oxygen requirements of the crew and illustrate the variations
with power penalty which may be required by a change in the eventual weight of the
power supply system. These curves were presented to allow rapid comparison
with oxygen storage curves of the open system oxygen supply method.
Figures 4-21, 4-22 and 4-23 illustrate the optimum fixed weight, power and equiva-
lent weight of the electrolysis system as a function of the water electrolysis rate,
These figures were prepared to allow integration with CO 2 reduction systems
where the electrolysis requirements are determined by the water flow rate from
the CO2 reduction system. Thus, for integration, once the water flow rate is
determined, the weight, power and equivalent weight for electrolyzing this water
into hydrogen and oxygen can be obtained from these figures.
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5.0
5.1
5.1.1
5.1.2
5.2
CO2 Reduction
General
Objectives
Various methods have been studied for recovering oxygen from the CO 2 collected
in the space vehicle. In this section of the report these various methods will be
compared. This does not present the entire study, however, because each of these
systems must be integrated with a CO 2 removal device to form a complete re-
generative system. However, to allow a comparison on an equal basis, the CO2
reduction systems will be considered separately, and the integration with removal
devices willbe reported in the major subsystem integration phase.
Several of these systems utilize the electrolysis of water in an intermediate step.
The details of this particular process are discussed separately in Section 4.0 of
this report.
The consideration of reduction system reliability, maintainability, and develop-
ment status has not been fully covered at the subsystem level since this phase of
the study does not provide a true indication of the candidate approaches. An eval-
uation of the weight penalties attributed to spares and redundancy will have to be
made during the system definition phase to provide a full evaluation of system
feasibility.
Discussion of Data Presentation
In this section each CO2 reduction system considered will be discussed and a
basic operational schematic presented to facilitate better understanding of the
process. In addition, curves of weight, power, and expendables will be presented
comparing all the methods to indicate the lowest weight method. The consider-
ation of further system integration and reliability effects may change the schematic
somewhat, but the basic process will be the same.
The expendable weights indicated do not include the packaging weight associated
with storage in the vehicle.
Miscellaneous CO2 Decomposition Systems
A brief review of the state-of-the-art for several advanced methods of decompos-
ing CO 2 was conducted to determine applicability to Mars requirements. These
methods included decomposition by nuclear radiation, photosynthesis, photo-
chemical decomposition, and direct thermal decomposition. There is not enough
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data available to allow a parametric presentation of these approaches, and they do
not appear to have enough advantages to justify performing a theoretical analysis.
However, a brief description Of potential system approach is included for il-
lustrative purposes.
CO2 Decomposition Using Nuclear Radiation
One approach considered is that of decomposition using nuclear radiation. With
this system approach, the exposure of CO 2 to radiation decomposes the CO2 to
carbon monoxide and nascent oxygen. Experience has shown that the nascent
oxygen formed in this process is very active and recombines to form CO 2 again
very rapidly. To combat this, a technique which uses NO2 as an inhibitor to
prevent the nascent oxygen formed by radiation from recombining has been partially
developed. Using the NO2, the process is as follows:
radiation + 2 CO2 _ 2 CO + 20 (1)
2NO2 + 20 _ 2 NO + 202 (2)
2NO + 02 _ 2 NO2 (3)
The sum of the above equations then yields:
2C02 + radiation _ 2CO + 02 (4)
It appears that the diatomic oxygen formed from this chain of reactions is much
more stable than the nascent oxygen and not as prone to react with the CO. Another
inhibitor which may be used is iodine which appears to be useful over a wider
range of operating conditions, but it is less developed than the NO 2 approach.
In actual operating experience, some carbon suboxide (i. e. CxOy ) is formed along
with the CO. This suboxide forms as a yellow-brown precipitate on the walls of
the system which are exposed to radiation. In a typical flow system, oxygen
concentrations in the neighborhood of 1 to 2% might be expected out of the reducer.
The radiation efficiency in this process can be stated in terms of the G value (or
molecules reacted per 100 ev of incident radiation). For the reaction which forms
CO from CO2, the maximum theoretical G value is 34. However, in practice the
actual G values vary from about 4 in a gamma field to an upper limit of about 9 or
10 in a field of alpha radiation with the use of inhibitors to raise the value.
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The most optimum source of radiation would be an isotope or nuclear reactor
power supply if one is included on the vehicle as the main power source. If an
isotope is considered as the source of radiation, the production of . 08 lb. of 0 2
per hour with a G value of 5 would require a Co 60 source of 73 kilocuries. In
actuality, it is desirable to use some other isotope which would deliver radiation
in the form of particles, but even with the higher G values obtained in this case,
the use of isotopes seems impractical because of the severe shielding problems,
cooling problems due to the inefficiency of the process, and the necessary de-
contamination problem would still exist, possibly to an even larger extent. An
additional penalty of such a system would be the problem of transporting the
material to and from a reactor which would most likely be located remotely. On
the basis of the difficult reactor integration problem alone, this method can be
disqualified. If it is possible to solve the problems, such as shielding, decon-
tamination, and cooling associated with the radiation source and reduction unit,
the problem of removing the small percentage of oxygen from the product stream
still remains.
In conclusion, carbon dioxide can be reduced using radiation, however, it is not
recommended at the present time due to the shielding required, the decontamination
problems with the product stream, the reactor integration problem, and the
potential danger of releasing a large amount of CO to the cabin in the event of some
component failure.
Carbon Dioxide Removal by Photosynthesis
The problem of removing carbon dioxide from the air and converting it to oxygen
is solved quite readily by green plants. These plants use CO2 in their metabolic
process, reacting it with water to form oxygen, carbohydrates, and many other
compounds. The reaction is actually a photochemical one in which chlorophyll
absorbs light energy and uses it to cause chemical reactions to take place.
However, the reactions involved are extremely complex and thus far have not been
duplicated by man. Photosynthesis would then be placed in a different category
from the simple photochemical reactions.
In recent years there have been a number of papers published and studies made
concerning the use of photosynthesis to remove CO 2 and provide 0 2 in a space
cabin. Generally, algae have been considered the most suitable plants for this
application. These simple one celled plants have a rapid multiplication rate. All
of the cells are involved in converting C02 (as opposed to a more complex plant
which has roots, branches, etc.) so the algae should have a higher efficiency in
CO 2 converted per pound than the higher plants.
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The use of algae could theoretically lead to a completely closed ecological system.
In such a system, both the oxygen and the food would cycle between man and algae.
The algae would use CO 2 produced by the man and produce oxygen to be breathed
by the man. Similarly, the algae would use the human waste products as food and
would be eaten by the man. Unfortunately, such a system would be very difficult
to attain in practice. For both physiological and psychological reasons, it is
unlikely that the crew of a space vehicle could subsist exclusively on algae for any
extended period of time. Studies on the palatability and nutritional value of algae
are in an early stage and have had mixed results. It is also unlikely that the algae
would live on raw human waste, and pretreatment of some kind would presunably
be needed. Whether man could live on algae which live on human wastes has not
really been determined as yet.
A comparison of photosynthesis with other methods of CO2 removal reveals severe
drawbacks to the photosynthesis system. Weight and power penalties are very
high for several reasons. The algae live in water, and their optimum concentra-
tion is about 1%. This means that for every pound of algae needed there would be
roughly 100 pounds of water. The solution must be continually agitated to provide
good mass transfer rates and assure that the individual algae cells each receive
about the same amount of illumination (too much or too little light is harmful to
the algae). Also, the conversion of light energy to chemical energy is extremely
inefficient, with values as low as 3% reported in the literature (the light needed
will probably have to be supplied internally, as the use of natural sunlight would
require a large illuminated area and would present severe design problems).
For these reasons, algae do not begin to appear attractive until very long missions
are considered. A study by the RAND Corporation, comparing an algae system
with an inorganic CO 2 recovery system, puts the "cross-over point" at about
3 1/2 years, assuming that algae makes up half the food supply. If algae is not
used as food, the cross-over point moves out to eight years.
Several other points should be mentioned in connection with the algae system. The
algae have a tendency to stick to the walls of the container. They must be har-
vested frequently to maintain a constant density, and after harvesting they will
decompose unless dried. They are subject to contamination by bacteria or pro-
tozoa. Also, the temperature of the solution must be carefully controlled.
Photochemical Decomposition of CO 2
When radiant energy is absorbed by a substance, the increased energy state of the
molecules in that substance may cause chemical changes to take place. The
subject of photochemistry deals with the chemical effects caused by radiant energy
in the visible or ultraviolet range. Energy of longer wave lengths (infrared, etc.)
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generally is not powerful enough to cause chemical changes, while shorter wave
lengths (x-rays, etc.) often lead to changes in the nucleus and belong to the field
of radiochemistry.
The formula which relates energy to wavelengths is:
E = hc/X
where E is the energy of a photon, h is Planck's constant, c is the velocity of light,
and X is the wavelength. The energy of a beam of light therefore increases as the
wavelength decreases. In order to effect a chemical change, the radiant energy
must be capable of breaking a chemical bond in the molecule being subjected to
radiation. Ultraviolet light, which has a shorter wavelength than visible light, has
a greater chance of causing a chemical reaction to take place.
In the case of carbon dioxide, the radiant energy could be used to break one of the
carbon-oxygen bonds in the CO 2 molecule and cause the following reaction to take
place:
CO2 ---_ CO + 1/2 02
The oxygen atoms stripped from the CO 2 molecule wiil combine with each other to
form an oxygen molecule° It would of course be more desirable to form carbon
and oxygen instead of carbon monoxide and oxygen, since this would double the
amount of oxygen recovered and eliminate the serious toxicity problem of carbon
monoxide. However, it is very difficult to do this as the binding force holding the
CO molecule together is much stronger than that in the CO 2 molecule.
Very little has been done experimentally to investigate photochemical decomposition
of carbon dioxide. The International Critical Tables lists the following results for
an experiment in which CO 2 was subjected to ultraviolet irradiation:
(wavelength of light source) = 2200-2540 A °
T = 240°C
pCO2 (mm Hg.) 1397 818 325 94.7
% of CO2 decomposed 6.06 17.06 27.39 31.60
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These results indicate that CO 2 can be decomposed photochemically. The reaction
is aided by lower pressures, and probably also by elevated temperatures. No
information was given on the time required to effect this decomposition or the
energy expended.
Thermal Decomposition of CO2
Like any other chemical compound, carbon dioxide can be broken up into its
constituent atoms by heating. As in the case of photochemical decomposition, the
CO 2 first reacts to become carbon monoxide and oxygen, and the carbon monoxide
is broken into carbon and oxygen only with greater difficulty. Carbon monoxide
can also react with itself to form CO2 and carbon, so there are three reactions
as follows:
i) 2 CO 2 ---- 2C0 ÷ 0 2
2) 2 CO _--- 2C + 0 2
3) 2 CO _- CO 2 + C
At atmospheric pressure, the equilibrium for reaction (1) becomes favorable only
above 3000°K ( _-- 4900°F). Reaction (2) does not become favorable until very
much higher temperatures. Reaction (3) is an inverse function of temperature,
and the equilibrium for this reaction becomes favorable below 1000°K (1340°F).
By using two reactors in series, with the first at 5000°F and the second at roughly
1000°F, it is theoretically possible to use reactions (1) and (3) to decompose CO2
into carbon and oxygen. Pressure effects could also be used, as reaction (1)
would be aided by low pressure and reaction (3) by high pressure.
Design problems associated with this approach would include the difficulty of
providing the very high temperatures needed, and of building a reactor to with-
stand these temperatures. Also, the oxygen must be removed from the mixture
of gases without allowing it to recombine, as reaction (1) will proceed backwards
very readily once the temperature is lowered.
Bosch CO2 Reduction System
Introduction and Data Source
This reaction is of interest primarily due to its ability to produce water from CO 2
in one step. Subsequent electrolysis of the water produces the desired 02. In the
basic reaction, CO 2 and hydrogen are reacted at temperatures above 1000°F to
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form water and carbon as follows:
CO2 + 2H2 =- 2H20 + C
Water is removed from a recirculating gas flow by condensation and separation.
In the recirculation stream an equilibrium concentration of CH 4, CO, CO2, H2 '
and H20 exists. Because of this recirculation, a 100% conversion of the processed
CO2 is anticipated. Carbon formed in the reaction is deposited on an expendable
catalyst. Present data on catalyst usage indicates a range of carbon to catalyst
ratios varing from 10:1 to 200:1. For the purpose of this study a 50:1 ratio has
been established as a feasible ratio° The primary engineering problem to be
solved for this system approach is the removal of the carbon.
The work of the Mechanics Research Division of General American Transportation
Co. and the TAPCO Division of Thompson Ramo Wooldridge has been utilized in
analyzing this system approach. Each concern approaches the problem somewhat
differently, but the basic process is similar and the resultant analysis is a combi-
nation of the two approaches.
System Description
Figure 5-1 illustrates the MRD approach to this system and Figure 5-2 is the
TAPCO system. Comparison of the two indicates that the basic components are
similar but TAPCO includes carbon removal equipment to obtain high catalyst
usage rates.
In the system, recirculation gases (CH4, CO, CO 2, H 2, and H20 ) are mixed with
the CO 2 feed and H2 returning from the electrolysis cell and flow into a regenera-
tive heat exchanger, which is used to bring the gas flow up to reaction temper-
ature. The reaction temperature is maintained above 1300°F by use of electrical
heaters in the reactor which make up for losses due to heat leaks. Some heat is
generated in the reaction, but, due to the small quantity of CO 2 reacting, this must
be supplemented by electrical heating. Heater power is determined by optimizing
the penalty for heater power and insulation weight. An iron catalyst on which the
carbon forms is used in the reactor.
The recirculated gases plus the newly reacted components leave the reactor and are
cooled in the regenerator by the cold flow entering the regenerator.
Further cooling of the gases to 50-55°F results in condensation of the water formed
in the reactor. This water is then removed from the recirculation stream by a
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water separator and directed to an electrolysis cell which dissociates the H20 into
H 2 and 02. The 02 is then delivered to the cabin and the H 2 is recycled through
the reactor with the remaining recirculated gases.
Carbon formation on and removal of the iron catalyst in the reactor presents a
development problem in this type of system. Some of the proposed solutions
(a few of which have been reduced to hardware) are presented below:
1. Carbon accumulation on the reactor catalyst with periodic removal or
cleaning (possibly use throw away catalyst canisters).
2. Carbon collection on the catalyst with periodic high velocity gas purge
ove rb oa rd.
3. Carbon collection on the catalyst with periodic gas purge to a filter
and collection system.
4. Use of dual reactor beds cycled when carbon deposit causes an excessive
pressure drop.
5. A steady reactant flow system with continuous mechanical cleaning of
carbon from the catalyst.
The TAPCO schematic (Figure 5-2) shows dual high temperature filter beds into
which carbon is blown after being scraped off the catalyst in the reactor. Carbon
is periodically blown into a low temperature filter bed for storage or removal.
5.3.3 Results
Weight, power, and equivalent weight curves for a Bosch reaction system are
presented in Figures 5-3 to 5-6. The electrolysis system adds considerably to
the system weight and power. For a 6 man system (12.72 pounds per day CO 2
process rate) at a power penalty of 500 pounds per kilowatt, the water electrolysis
cell represents about 25% of the fixed weight and 78% of the power requirement.
Use of a hydrogen purge for cleaning carbon off the catalyst would result in an
increased expendable weight. The primary expendable for this process is the
catalyst. Although carbon to catalyst loading is dependent on many factors, it is
felt that a 50 to 1 carbon to catalyst loading is attainable.
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5.3.4 Conclusions
Although the Bosch reaction system is not the lightest of the candidate systems, it
remains of interest since the reaction producing water may be accomplished in one
step. In addition, it enjoys a good "state-of-the-art" status having been proved
feasible in experimental tests. There exists a potential savings in weight and
power consumption to be gained through system development since:
a. The carbon collection is an engineering problem, thus making weight
reduction dependent upon the extent of detailed design and dcvclopment
employed.
b. The chemical reaction is actually exothermic so that heater power may
be reduced by optimizing reactor insulation.
Methoxy CO2 Reduction System
Introduction and Data Source
The Sabatier chemical reaction, also called methanization, and the methoxy reaction
by the Is.met Corporation, can be described by the equation:
CO2 + 4 H2 _ CH4 + 2 H20
A supply of four moles of H2 per mole of CO2 is required for the reaction which
occurs at high conversion efficiencies at temperatures in the 200 to 300°C range.
Emperical data from both Reference 1 and Reference 2 demonstrate conversion
efficiencies as high as 95% using a nickel catalyst. The water produced in the
reaction is electrolyzed to form oxygen and hydrogen which can be recycled to
help satisfy the hydrogen input requirement for the methanization reaction.
Methane produced in the basic reaction may be:
1. Further reacted in a methane decomposer (CH 4
for reclamation of all the hydrogen.
=_ C + 2 H2)
2. Dumped to space after the water is removed for electrolysis.
. Converted to acetylene (C2H2) in an electric arc
(2 CH 4 _ C2H2 + 3H2) with H 2 filtration and C2H 2 dump.
4. Further reacted with CO 2 at low temperature
(CH 4 + CO 2 =- 2C + 2H20)
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With the formation of acetylene (Method 3), theoretically 75% of the hydrogen in
the methane may be recovered for subsequent recycling to the methanization
reactor. The acetylene formation reaction is performed at about 700°F in the
presence of an electric arc. One pass conversion is poor and it is necessary to
recycle the gas stream through this reactor. A problem exists in separating the
hydrogen from the acetylene and other recirculation gases occurring due to reactor
inefficiencies. Although palladium-silver membranes have been mentioned for
separating hydrogen, no testing has been conducted with such membranes integrated
into a methoxy CO 2 reduction system. In addition there remains the problem of
separating the recirculation gases from the acetylene.
Due to the preliminary research status of Method 4, insufficient data were avail-
abe to evaluate this process for this study.
In light of their qualitative attractiveness, an analytical evaluation was made of two
methoxy CO 2 reduction systems employing methods 1 and 2 respectively.
System Description
The schematic of the system using Method 1 is shown in Figure 5-7. Carbon dioxide
CO 2 FEED
2H2 I
O;ERy_
DELIV
d
I METHANIZER ]
CO z + 4H 2
CH 4 +2HzO
! 1
I REGENERATIVE IHXJ
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2H20 _ 2H 2 + 02
CH4 +RECIRC GASES
COOLING
2H2 +RECIRC GASES I
I REGENERATIVE IHX
T l
DECOMPOSER
CARBON AND POWER
SPENT CATALY CH4_C+2H2
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FIGURE 5"7
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and hydrogen from the electrolysis unit and methane decomposer along with the re-
circulation gases are directed into the methoxy reactor by the blower. The
reactor is preceded by a regenerative heat exchanger to minimize power require-
ments.
Although high conversion occurs at temperatures such as 390°F, it is actually
desirable to have a greater part of the reaction occurring at 570°F to 660°F in the
high temperature. Jrtion of the catalyst bed. This arrangement takes advantage
of the high kinetic rates in the high temperature portion and the high conversion
but low reaction rate in the low temperature zone for "polishing" the reactor.
A combination of the high and low temperature regions of the reactor results in a
small reactor volume with a high overall conversion efficiency. Energy input
driving the regenerative function as well as providing for heat leak is supplied by
the reaction itself which is exothermic. Flow leaving the reactor is cooled by the
inlet flow in the regenerative heat exchanger. The flow is further cooled in a
condensing heat exchanger in which the water formed in the Sabatier reaction is
condensed at about a 50 to 55°F dew point. The gas and liquid condensate then
enters a liquid-vapor water separator and the removed water is passed into the
electrolysis unit for further reduction to H2 and 02. The moisture free gas is
directed to the methane decomposer where hydrogen and carbon are formed. The
hydrogen formed in the electrolysis cell and methane decomposer is recycled to the
methanizer reactor along with the remaining recirculation gases. The methane can
be decomposed with acceptable yields above ll00°F but higher temperatures are
often used to obtain more dense carbon deposits.
In a system employing overboard discharge of methane, the methane decomposer
is eliminated and make-up hydrogen must be supplied at the methanizer inlet.
A fair amount of empirical data has been accumulated concerning the Sabatier
reaction. In addition the Isomet Corporation has conducted tests to evaluate methane
decomposition. Unfortunately there has been no literature published on integrated
reduction system tests employing the Sabatier and methane decomposition re-
actions. Such tests are essential to determine required recirculation rates due to
the interplay of individual reactor inefficiencies. Although chemical equilibrium
data can be used to obtain qualitative information, experience has shown it to be
insufficient for supplying quantitative data due to the complex inter-reactions of
actual operation. Therefore an analysis was undertaken to optimize a reduction
system for different recirculation rates by determining optimum reactor insulation
thickness. The recirculation rate range covered varies from a minimum rate of
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one which is associated with ideal reactors having 100% conversion efficiencies
to a maximum value of 24 which is that of the Bosch system reactor based on
empirical data.
Results
Figures 5-8 through 5-12 show the methoxy reduction system (with methane de-
composition) weight, power, and total equivalent weight as a function of CO2
process rate over a range of recycle rates. The water electrolysis cell accounts
for a large portion of the required power particularly at the low recycle rates. It
is noted that for the same recycle rate, the methoxy system has a total equivalent
weight approximately 25% greater than the Bosch system over the range of process
rates. This can be attributed to the higher operating temperature of the methane
decomposer which dictates more power to bring up the reactants to temperature as
well as to make up for heat leak. In addition the methane decomposition process
is endothermic thereby requiring added power.
Analysis of the methoxy system with methane dumped overboard showed the ex-
pendable weight to be prohibitively high for the Mars mission duration. Figure
5-13 shows the total equivalent weight breakeven time of this system when compared
with both the previously mentioned methoxy system and the Bosch reduction system
over a range of CO 2 process rates.
Conclusions
The methanization CO 2 reduction system is noted to have performance character-
istics which span those of the Bosch system for the range of recycle flow rates.
Until integrated tests are conducted to determine the required rate, no accurate
comparison can be made with other systems. The development status of the
methoxy system is not as good as that of the Bosch system.
The methoxy system is flexible enough for integration with several types of CO 2
collection and transfer systems since water is formed in the CO 2 reduction
reaction.
It is felt that the slight shift in equilibrium resulting from a CO 2 feed saturated
with water vapor will have a minor effect. As a result, collection and transfer
systems delivering CO 2 saturated with water vapor, such as the electrolytic CO2
scrubber or liquid absorption systems, may be used without any additional penalties.
5-15
HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT
hi
P
hlhl
0
o
o o
hi
U
hi
hl_
hi
I,I
h
"SE]-I--/Hgl 3M
5-16
HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT
I-
U
Id
n,'
U
l-
Id
Id
i-
,<
U_
In
U
I-
I'-
.J
5
O
Id
J,
I,d
_o
Ii.
S87 -- IHgI3M IN37VAIn_)3
Ld
I'-
,<
r_
U_
U
MU
UI-
I,II-
.J
a
Ill
$87 -- .LH_I3M J.N37VAIr)_3
>-
<
I- 0c
(n h
I.d
8
n,.
(L
U
5-17
HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT
Z
o
I-
.<
n,
0
Z
9
m
z
9_
I->
!°
u_
Ill
J
>
S
0
I.d
.J
.<
I-
0
P
td
e,
o_.
b.
N
"87--1HgI3M 1N37VAIN03 7V101
o
o o
Id
I-
,<
U_
Id
_8
r-_(J
bJU
O>
U I-
_z_
hl
J
>
0
I,d
o
>-
<C
O
J
8 "
0
Q o
o
o
S87 -- 1Hg13M IN37VAIN03
o
5-18
HAM ILTON STANDARD StiS 414--2
DIVISION OF UNITED AIRCRAFT
5.5
5.5.1
5.5.2
Solid Electrolyte CO 2 Reduction
Introduction and Data Source
The solid electrolyte system being developed by Isomet Corporation presents a
direct approach to the problem with a minimum number of components. Isomet
test data has been utilized as the major input to this analysis.
The process converts CO 2 to carbon and oxygen without producing water as an inter-
mediate step, thus eliminating the zero gravity vapor-liquid separation problem.
As is the case with most electro-chemical systems, a large increase in cell output
is possible at only a small sacrifice in unit efficiency. The main requirement,
under overload operation, is for additional cooling which can be provided with very
little penalty to the system.
System Description
Figure 5-14 presents the basic schematic for the solid electrolyte system. The
primary component is the solid electrolyte reactor which consists of ceramic tubes
SOLID ELECTROLYTE CO 2 REDUCTION SYSTEM
REFERENCE : ISOMET CORPORATION_
0 2 DELIVERY _'_ E LEc?TORLI DyT I'_ POWER INI OL E L._
-__1 REACTORp ]
F 12c°2-2c° °21-I
I CO. /co+
/c%
°°UNG
REGE.ERATIVEI_ OOOLER_----,
\ JB'OWER
/ CO 2 FEED
I I CATALYT'C/
_'1 REACTORI----
I_CO"C%*C |
CARBON _ SPENT CATALYST
FIGURE 5--14
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5.5.2 _Continued)
of a special mixed oxide composition. Electrodes are applied to the inner and
outer surfaces of the tube walls and the tubes are heated internally by an auxiliary
heating coil. CO2 flows around the outside of the tube and the 02 is liberated
inside the tube. It is felt that the oxygen comes from a thermal decomposition of
CO2 to CO and nascent oxygen at the cathode surface where the oxygen atom is
ionized. This oxygen ion then migrates under the influence of a potential field
through vacancies in the crystal lattice of the solid electrolyte material. Upon
reaching the anode, the oxygen ion is converted back to an oxygen atom.
A mixture of CO2 and CO containing about 80-90% CO2 is fed to the cell and oxygen
is generated. The composition of the circulating gas varies with time as the catalyst
in the catalytic reactor declines in activity. The gas flow to the cells, which are
arranged in parallel, is evenly distributed. A composition sensor on the cell gas
effluent determines the composition of the effluent recycle gas, and, when the
concentration of CO in this effluent rises above 70%, automatically shuts down the
cell. If the concentration of the CO is allowed to rise above this level, there is
a possibility that the electrolyte will decompose. This switch then acts to protect
the cell.
The power consumption in the cell is split between energy required to decompose
the CO2 and I2R heating of the solid electrolyte material. The circulating gas
stream will be cooled to provide temperature control in the loop. As the pre-
dicted cell efficiency is thought to be good and the operations temperature high,
this unit must be well insulated to prevent excessive heat leak which would decrease
unit performance. The auxiliary heaters, one in each tube, can be designed to
bring the system to temperature (1830°F) in 4 hours with the normal operating
power. No expendable weight is required for the operation of the solid electrolyte
cells.
Upon leaving the electrolytic cell, the gases pass through a regenerative heat ex-
changer where the temperature is reduced to 932°F which is the operation temper-
ature of the catalytic reactor. In the catalytic reactor, the carbon monoxide
formed in the reduction cell is combined to form carbon and carbon dioxide over
a nickel catalyst which is deposited on a light fibrous substrate. When the carbon
has built up to high level, a pressure switch will sense the increasing AP and
signal for a change of catalyst bed. The reaction occurring is exothermic in
nature and no heating of this unit is necessary once the system has reached oper-
ating temperature. The gases leave the catalytic reactor and go to a cooler where
the excess power put into the system in the electrolytic cell is removed.
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5.5.3 Results
5.5.4
Figures 5-15 through 5-20 present the weight, power, and equivalent weight of
the solid electrolyte CO2 reduction system operating alone without regard to the
type of CO2 removal system. These curves are based on predictions of what
can be achieved by 1973 rather than presently achieved results as in the mid-term
report of this study.
The improvements required to attain this performance are:
(1) A reduction in the unit fixed weight by design of spacecraft type hardware
rather than the presently existing breadboard type unit.
(2) Improvement of carbon to catalyst weight ratio to 50:1 instead of 10:1
(3) More efficient electrical desig_ to result in an operating voltage of 2
volts instead of the present 3 volts.
Test results with the present unit indicate that these improvements are feasible.
Conclusion
Solid electrolyte system feasibility has already been proven and the major chemical
and physical problems solved. However, prior to reaching a flight-worthy system,
several remaining design problems must be solved such as the development of a
high temperature fan and motor; lowering of the internal cell resistance; improve-
ment of the cells resistance to shock, acceleration, and vibration loads; develop-
ment of a simple method of carbon removal; and development of a system for
delivering pure CO2.
Molten Carbonate CO2 Reduction
Introduction and Data Source
Reduction of CO 2 using molten carbonate electrolytic cells has been the subject of
many research programs in the recent past. The system discussed in this report
is an outgrowth of an internal Hamilton Standard research program, and the per-
formance estimates are based on the results of that program. It should be noted
that the results reported here are different from those in the mid-term report of
this study because the results of recent testing have been included here.
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SOLID ELECTROLYTE CO 2 REDUCTION
EQUIVALENT WEIGHT VS PROCESS RATE
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5.6.2 System Description
Figure 5-21 presents a simplified schematic of a molten carbonate system. The
cabin air passes through a blower which supplies the pressure required to move
the air through the heat exchanger and the melt. From there, it passes through
a regenerative heat exchanger where it picks up heat from the leaving air stream.
This heat exchanger must be of high effectiveness to prevent an excessive loss
of heat to the air stream. The hot air stream then goes to the electrolysis cell.
The concept of this cell is that a molten alkali carbonate may be electrolyzed so
as to produce oxygen at the anode, and carbon and an alkali oxide at the cathode.
The alkali oxide reacts with the CO 2 formed at the anode and removes CO 2 from
the air stream which is bubbled through the melt. The result of this action is the
replenishment of the carbonate, removal of CO 2 from the cabin air stream, and
the addition of the manufactured oxygen to the air. This basic concept appears to
be valid from experimental demonstration; however, the true process is far more
complicated, and many conditions need to be met for successful accomplishment.
Oxygen liberation at the anode takes place in accord with Faraday's principle, but
carbon dioxide from dissociation of the carbonate ion is also released, in the
proportion of two moles per mole of oxygen. Since 33% oxygen purity is undesir-
able in terms of increased gas processing requirements, re-absorption of CO2
at the anode is an important requirement. Experimentally, it has been shown that
re-absorption of anode CO 2 can be obtained, thus allowing final release of high
pu rity oxygen.
The locally increased concentration of the alkali oxide results in a local rise in
melting point, tending toward the formation of a low density, porous structure of
carbon including significant quantities of trapped salts, presumably high in alkali
content. From an engineering point of view, it is preferable to extract a low-
porosity (high density) form of carbon from the cell in order to avoid any neces-
sity for further processing before discard as waste material, and to reduce the
size of the cell since its size is determined partly by the volume required for
carbon build-up on the electrodes. Development of the process has led to the point
where the melt entrained in the carbon can be expected to be slightly less than
ten percent.
]'he establishment of a design point for any given set of conditions (i. eo, CO 2
flow, mission time, power penalty) must include a trade-off between fixed weight
and unit efficiency. This is caused by the steep nature of the current density vs.
voltage characteristic curve for units of this type. As might be expected, system
size and weight will vary as the anode area. If a series of units are designed to
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5.6.2 (C ontinued)
several levels of operating voltages (i. e. efficiency), the more efficient units will
be larger. When system weight and power penalty are then combined to yield the
equivalent weight, a minimum equivalent weight is observed at some voltage.
Thus, for every power penalty, there will be some optimum operating voltage. If
voltage is decreased, unit weight will increase faster than power savings, and if
voltage is increased, the unit weight savings will not match increase in power
penalty.
The problem of zero gravity operation may be solved by rotating the melt chamber
and providing for cathode assembly removal. In a system which uses molten
carbonate electrolysis, dual units are recommended. This approach will increase
system fixed weight a small amount but will substantially increase reliability. In
the event of the failure of one of the units, the steep voltage current characteris-
tics coupled with the large latitude of operating current densities possible with
these units will permit full operation of one unit at a small increase in power.
This means that for short periods one unit may be shut down for repairs and main-
tenance without sacrificing performance. Further, the failure of one of the units
will not mean mission failure, only an increase of power consumption.
5.6.3 Results
Figure 5-22 through 5-27 present the weight, power, and equivalent weight of the
molten carbonate reduction system. These curves are predictions of the perform-
ance capabilities of a spacecraft type unit which could be available by 1973. They
are based on test results obtained from a present breadboard type unit.
Figure 5-22 illustrates the fixed weight of system and fixed weight plus expendables
for 420 days as a function of CO 2 process rate. Figure 5-23 illustrates the power
required as a function of CO 2 process rate. Figures 5-24, 5-25, and 5-26 illustrate
the combined effect of power and weight as a total equivalent weight for 200, 300,
and 500 pounds per kilowatt power penalties. The equivalent weight is also shown
as a function of mission time in Figure 5-27. The expendables for this system are
electrode weight for the removable electrodes and chemicals to replace that lost by
entrainment in the discarded carbon.
5.6.4 Conclusions
The molten carbonate process is attractive in that it removes CO2 from the air
stream and reduces the CO2 to O2 in one step eliminating the need for additional
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EQUIVALENT WEIGHT VS CO 2 PROCESS RATE
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5.6.4 (Continued)
5.7
5.8
equipment. The primary problem areas seem to be adequate carbon deposit and
removal and adaptability to zero "g" operation. At present the approach is still
in the research stage and the zero gravity problem has not been fully considered.
The basic approach is attractive enough to warrant further research and develop-
merit work. The primary effort should be directed toward decreasing the expendable
weight required for long duration missions.
Comparative Discussion
A comparison of CO 2 reduction systems is valid only if the method of CO 2 removal
from the air stream and transfer to the reduction is considered. Therefore, a
comparison will not be made in this section, but is shown in Section 6.0 of this report.
There the various combinations of CO2 removal and reduction systems are
compared and parametric curves are presented.
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CARBCN DIOXIDE MANAGEMENT
Introduction
This section presents an analysis of integrated CO2 management systems compris-
ing removal, transfer, and reduction subsystems covered in Sections 2, 3, and 5
respectively. For those system approaches having water as an intermediate
product, the electrolysis performance is based on the results of the subsystem
study presented in Section 4.
The following is a list of combinations of CO2 removal and reduction methods which
were considered here as integrated systems:
System Designation CO2 Reduction Method CO_ Removal Method
A Hydrogenation
B Hydrogenation
C Hydrogenation
D Hydrogenation
E Solid Electrolyte
F Solid Electrolyte
G
H
J
Solid Electrolyte
Solid Electrolyte
Molten Carbonate
Solid Adsorption - Waste Heat Purge
Solid Adsorption - Electrical Heat
& Vacuum Purge
Electrodialysis
Liquid Absorption
Solid Adsorption - Waste Heat Purge
Solid Adsorption - Electrical Heat
& Vacuum Purge
Electrodialysis
Liquid Absorption
The hydrogenation method of CO2 reduction selected for consideration here is the
Bosch system. This was chosen over the methoxy method as the best hydrogena-
tion scheme in terms of total equivalent weight and development status. Section 5
contains a more detailed discussion of the selection of CO2 reduction systems to
be considered here.
The CO 2 removal methods are discussed in more detail in Sections 2 and 3. Two
alternative solid adsorption schemes are presented, with one using waste heat for
ciesorption and the other using a combination of electrical heat and vacuum desorp-
tion. These two schemes are based on two different optimizations, with reactor
waste heat available in the first scheme and unavailable in the second. If waste heat
is available, the optimum desorption method does not require the application of
vacuum. However, with no waste heat available, the optimum method uses a
combination of electrical heating and vacuum desorption.
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6.1 (Continued)
A system description is presented along with schematics for each system, The
results are presented in the form of weight, total power, thermal power, and total
equivalent weight as a function of CO 2 process rate. A thermal inventory is given
showing heat sink loads as a function of CO 2 process rate. The performance
characteristics for a six man design condition are presented in tabular form.
System reliability and development status is covered in a discussion of the results°
A detailed description pertaining to each CO 2 removal, transfer, and reduction
system by itself is given in Sections 2, 3 and 5 respectively. This is supplemented
in this section with a brief description of the integrated management systems. The
properties of the management system gaseous and liquid entering flows are defined
at the interface stations to allow analysis concerning integration of the management
systems with the overall environmental control system.
Hydrogenation. (Bosch) Management Systems
System A - Hydrogenation with Solid Adsorption (Figure 6-1)
CO2 removal is accomplished with a solid adsorption CO2 removal system. The
process air is drawn into the solid adsorption CO 2 removal system from the environ-
mental control system recirculation stream at a point downstream of the water
separator where the minimum moisture concentration exists. The CO2 is desorbed
and delivered to the Bosch reduction system by heating up the zeolite canister,
thus driving off the CO 2 at a higher partial pressure than that at which it was
adsorbed° A heat transfer fluid receives this heat from the waste heat source and
delivers it to the bed through imbedded coils° The CO2 is delivered to an accumula-
tor and stored at a pressure slightly above the removal system pressure level.
Just prior to desorption, a back flush from the accumulator through the bed to be
desorbed and on to the CO2 removal system inlet provides for minimum carry-over
of nitrogen and oxygen to the reduction system° The desorbed gases are returned
to the system inlet because the zeolite works more efficiently at higher CO2
concentrations, and the concentration of CO2 in the system is higher than that in
the cabin air° Coolant flow to both sets of canisters is required at a temperature
of 60°F or lower in order to cool the beds down at the conclusion of de so rption.
The coolant flow to the Bosch system condenser should be at a temperature of 50°F
or lower. This system offers a competitive equivalent weight with a good develop-
ment status. Although the power is high, more than 50% is thermal power which
is obtained from a waste heat source at a very low penalty° The solid-adsorption
principle for CO2 removal has been applied and incorporated into prototype hard-
ware by Hamilton Standard as well as other eompanies_
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6.2.1 (Continued)
6.2.2
The major development areas are desorption techniques and reduction system opti-
mization. Development work remains to be conducted to determine the optimum
cycling times and amount of input energy. Predicted reduction system performance
can be achieved by optimizing the reactor for minimum power by using proper insul-
ation. The reduction portion has been successfully built and run to insure feasibil-
ity by M:RD and Tapco. System reliability has been assessed as generally good.
Although cycling operation is a characteristic of the removal system, tests have
been conducted at Hamilton Standard with 30 days continuous running followed by
a 14 day continuous run with no degradation in system performance. In the event
of a heat transport fluid system failure (i. e., a radiator penetration, pump failure,
etc.) or a reduction in available power, both the moisture and CO 2 adsorption
canisters can be vented to the vacuum of space thereby allowing CO2 removal
capability to be maintained until the failure problem is eliminated. The reduction
system with one-step reduction appears to be a reliable way of coping with side
chemical reactions which could prove hard to control in segregated multi-step
reactors. There is also a potential of converting the Bosch reaction to the
Sabatier with overboard methane dump thereby reducing power during emergency
situations.
System B - Hydrogenation with Solid Adsorption (Figure 6-2)
CO2 is again removed with a solid adsorption system and delivered to a Bosch
reduction system for o_gen recovery. However, CO2 desorption is accomplished
by using a combination of electrical heating and a vacuum pump. Heat removed
from the CO2 delivery stream during intercooling is used to aid in desorbing the
silica gel canister of moisture. At the start of desorption, the canister mixture gas
ullage is directed to the cabin as the canister pressure is pulled down after which
the now relatively pure CO2 is directed to the reduction system. The coolant flow
to both sets of canisters should be at 60°F or lower while that coolant flow to the
pump intercooler and Bosch system condenser should be no higher than 50°F.
This system has the largest fixed weight due to the transfer system pump. This
fixed weight along with a large electrical power requirement obtained at a high
weight penalty make the total equivalent weight uncompetitive with the other man-
agement systems. The major development areas are the transfer pumps, desorp-
tion techniques, and reduction system optimization. A literature survey has re-
vealed a lack of aerospace quality pumps having the necessary performance charac-
teristics for CO2 transfer. Presently available commercial vacuum pumps are
much too heavy and inefficient (power consuming). Zero gravity lubrication and
sealing are potential problem areas. In addition, lubricant vapors must be
compatible with the reduction system.
This system has only fair to poor reliability due to inherent unreliable factors
associated with rotating equipment (bearing life, dynamic seals, etc.). Evaluation
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6°2.3
6,2_4
pertaining specifically to the reduction system is covered under the System A
section° In conclusion, this system is presently unattractive and lacks the
potential for being competitive with other systems.
System C - Hydrogenation - Electrodialysis (Figure 6-3)
Electrodialysis is used for CO2 removal with delivery to the Bosch reduction
system° The effluent CO 2 and hydrogen streams are combined and passed through
a passive liquid gas separator where the water is removed and returned to the
water reservoir, The CO 2 and hydrogen mixture proceed to the reduction system.
Since the electrodialysis system requires water electrolysis for operation, a
portion of the Bosch product water is directed to it, thereby reducing the size and
power requirements of the reduction system water electrolysis unit. Coolant flow
to the Bosch system condenser and electrodialysis cell water reservoir should be
no higher than 50°F to keep the water vapor buildup in the system down to a reason-
able level, This system has an equivalent weight which is the same as System As
Although it has a lower fixed weight, it consumes more electrical power, which
dictates a large equivalent weight penalty. A prototype electrodialysis CO2
removal system has been successfully built and run by Ionics, Inc° The major
development areas are electrodialysis cell power, zero gravity liquid-gas separa-
tors, and reduction system optimization: Electrode technology and membrane
arrangement (influences electrical resistance and consequently power) must be
improved to reduce cell voltages approximately one-third below present state-of-
the-art values in order to obtain the quoted performance based on Ionics predicted
performance. Passive liquid gas separators are an area requiring much develop-
ment in order to separate the cell effluent gaseous streams from the large liquid
flow sweep streams providing gas transport from the cell electrodes° Reduction
system performance can be achieved by insulation to minimize heat losses. System
reliability should be good with both the removal and reduction system having con-
tinuous operation, although membrane life is an area offering questionable reliability,
Again, evaluation pertaining specifically to the reduction system is covered under
the System A section°
System D - Hydrogenation - Liquid Absorption (Figure 6-4)
CO 2 removal is accomplished using liquid absorption with the Bosch process used
for reduction, The CO 2 is removed from the circulation absorption fluid by apply-
ing thermal energy at a temperature of 160°F derived from the waste heat source and
delivered to an accumulator° The accumulator provides for a small storage in order
to provide more steady state operation in the reeuction system during transient meta-
bolic conditions. Make-up water is supplied to the electrolysis cell, The coolant
should be provided to both system condensers at a temperature of 50°F or lower in
order" to minimize the amount of water vapor in the system°
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6.2.5
This system has a total equivalent weight similar to that of System A and C with
the Bosch reactor accounting for a large portion of the fixed weight. The largest
percentage of the input electrical power is associated with the water electrolysis
cell in the reduction system. The major development area of the removal system is
the liquid-gas contactor. The contactor represents an area which requires much
development before predicted performance is achievable. Although marine systems
have been operative, no space hardware has been tested. In addition, the marine
system contactor operates by bubbling the process gas through the liquid absorption
pool thereby taking advantage of gravity. The contactor envisioned in the proposed
spacecraft system operates according to a different principle of dispersing the
liquid absorption fluid through the process air in the form of atomized droplets.
The reduction system development involves the use of insulation to minimize power
losses. The overall system development has been rated as fair to poor. Reliability
should be generally good with continuous operation possible. In conclusion System D
offers competitive performance but lacks general attractiveness due to an inferior
development status.
Results
Figure 6-5 shows the fixed weight of the studied CO2 maaagement system as a func-
tion of CO2 process rate for the 5 mm of Hg CO2 cabin concentration. The total
peak power is presented in Figure 6-6. That portion of the total power which is
introduced to the system as thermal energy is shown in Figure 6-7 for various CO2
process rates. The fixed weight and power at its equivalent weight penalty are
combined and presented in Figure 6-8. A thermal inventory was prepared to
evaluate the required cooling rates and methods for each system to be used in inte-
grating the management system with the overall environmental control system.
The results are presented in Figures 6-9 through 6-12. The total thermal load is
broken down to liquid coolant, ambient air, and process air loads. The liquid coolant
represents the net thermal energy absorbed by the heat transport fluid and delivered
directly to the radiator heat sink. The ambient air load is that thermal energy
radiated and converted to the environment surrounding the CO 2 unit. The heat
absorbed by the process air stream passing through the removal system is shown as
the process air load. It is noted that the process and ambient air load require
intermediate handling by the cabin heat exchanger before being radiated to space via
the heat sink radiator. In addition, the ambient air load has an effect on the required
ventilation rate in that compartment housing the CO2 unit. The expendables are
shown in Figure 6-25 as a function of mission duration and CO 2 process rate thereby
completing the quantitative description of each system. These expendables are
considered to come entirely from the CO2 reduction part of the system, since all
material leaving the CO2 removal system was considered to be passed on to the
reduction system. The expendable rate for CO2 reduction systems using hydro-
genation and solid electrolyte methods was roughly the same.
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Solid Electrolyte Management Systems
System E - Soild Electrolyte - Solid Adsorption (Figure 6-13)
Solid adsorption with waste heat purge is used for removal and the solid electrolyte
system is used for CO 2 reduction. Heat required for CO 2 desorption is supplied at
350°F-400°F by a transport fluid circulated through coils embedded in the canister
and returned to the waste heat source. The CO 2 is delivered to an accumulator
where it is stored at a slight positive pressure. A backflush is provided prior to
desorption in order to purge the 0 2 - N 2 ullage mixture present in the canister and
provided a pure CO 2 flow during desorption° The coolant flow to the cooler in the
solid electrolyte system should be at a temperature of 70°F or lower to provide a
sufficiently low temperature to the blower, and the coolant flow to the zeolite and
silica gel canisters should be 60°F or lower in order to provide a proper adsorptivity.
Hot fluid should be delivered to the silica gel canister at 200°F or higher to provide
sufficient moisture desorptlon. Provision is made to dump CO 2 overboard for short
times in the event of reduction system breakdown or system overload.
This system has a very low total equivalent weight. Although requiring a fair
amount of power, most of it is thermal energy which is obtained from a waste heat
source at a low penalty. The major areas requiring development are the CO 2
thermal desorption and the reduction system power reduction. The first area is
associated with the removal portion of the management system, which, in turn, is
discussed under System A. The power requirements quoted by Isomet for solid
electrolyte CO 2 reduction would require considerable development effort for
attainment. For this reason, the overall management system development status
has been assessed as good to fair. It is felt that reliability of this system is also
in the good to fair category. There appears to be some apprehension concerning
the mechanical properties of the ceramic electrolyte material which will require
resolution during system development. The concentration of carbon monoxide in
the electrolyte cell must be constantly monitored since a high concentration might
cause the electrolyte to decompose. In conclusion, this system is potentially
attractive but requires much development.
System F - Solid Electrolyte - Solid Adsorption (Figure 6-14)
Solid adsorption is used for removal with the solid electrolyte system for reduction.
The solid adsorption CO 2 canister is desorbed by applying a combination of electri-
cally supplied heat and low pressure obtained with a vacuum pump. The process air
stream receives heat from the pump intercooler which contributes in desorbing the
moisture from the silica gel canister. Canister mixture gas ullage is directed to the
cabin at the start of desorption in order to provide a pure CO 2 flow to the reduction
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6.3.3
system when the flow is redirected there. The coolant flow to the cooler in the
solid electrolyte system should be at a temperature of 70°F or lower to reduce the
recirculation gas to an acceptable level for the blower, and pump intercooler
temperature should be on the order of 50°F.
This system has a large equivalent weight due to the fixed weight and power
consumption of the transfer system pump. The major development areas are the
transfer pump, desorption techniques, and reduction system power reduction.
The first two areas which are associated with the removal system are discussed
in more detail under System B. Likewise the solid electrolyte reduction system is
discussed under the previous system. The overall system development status is
felt to be in the fair to poor category and reliability has also been evaluated as
fair to poor with the major problem areas being the rotating pump and the electrolyte
material. In conclusion this system appears to be relatively unattractive.
System G Solid Electrolyte - Electrodialysis (Figure 6-15)
Electrodialysts is used for CO 2 removal with delivery to the solid electrolyte
reduction system. The removul system delivers CO 2 in a moisture saturated
condition. This moisture must be removed since the solid electrolyte system
requires a dry CO 2 delivery. Any moisture entering the reactor will be reduced
to hydrogen and oxygen. The hydrogen will dilute the recycle stream and require
periodic purges. Further, the power to reduce the water will show up as an
inefficiency. Therefore, dry CO 2 delivery is required and this is accomplished by
using two silica gel beds which are placed in parallel and alternately cycled. The
hot and dry oxygen effluent flow from the solid electrolyte reactor is used to purge
the canister of moisture. Silica gel beds are cooled with a 60°F or lower coolant
circulated through coils embedded in the canister. The cooler flow upstream of the
blower in the reduction system loop is supplied with 70°F fluid. Make-up water is
provided to the electrolysis cell to replace moisture carryover by the oxygen,
hydrogen, and process air flow streams which leave the system in a saturated
condition. The hydrogen can be passed through a set of dehydrator beds similar to
those shown for the CO 2 stream to recover moisture prior to discharge overboard
(not shown on schematic).
System G has an equivalent weight which is high relative to the other methods of CO 2
management. However, the electrolysis of water is an integral function of system
operation. Therefore should water electrolysis be required in the overall environ-
ment control system, a credit can be given to the removal system which brings it
in line with System E on an equivalent weight basis. Development status is fair with
zero-gravity liquid gas separators, and reduction system power reduction the major
areas requiring development. The removal system effluent CO 2 stream is moisture
saturated. Since the solid electrolyte reduction system requires a dry delivery gas,
a pair of desiccant beds must be employed for drying the gas. Therefore, any
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6.3.4
6.3.5
6.4
possible advantage of continuous operation associated with the removal and reduction
system is eliminated by the required desiccant bed cycling operation. The system
overall reliability is felt to be good to fair. Additional details pertaining to the re-
moval and the reduction system are covered under System C and System E respec-
tively.
System H Solid Electrolyte - Liquid Absorption (Figure 6-16)
Liquid absorption is used for CO2 removal with the solid electrolyte system for
CO2 reduction. This removal system also delivers the CO2 in a moisture saturated
condition. Thus a set of alternately cycled desiccant beds are used to dry the CO2
stream before delivery to the reduction system. Temperature of the coolant flow
to the cooler in the reduction system loop as well as the CO2 absorption fluid
stream should be 70°F or lower. The condenser coolant stream should provide a
flow at 45 ° to 50°F while the heater flow from the waste heat source should be at
160 ° or higher. Air is taken off the main system flow stream at a temperature of
70-80°F.
System H has an equivalent weight which is similar to that of System E and G with
water credit. The major development areas are the contactor and the reduction
system power reduction. The development status has been assessed as poor. As
with System G, a parallel pair of alternately cycled dehydrator beds must be used
to remove the moisture from the removal system effluent stream prior to delivery
to the reduction system. System reliability is good to fair, Overall, this system
appears potentiallyattractive but has an inferior development status.
Results
The results for the solid electrolyte CO2 management systems are presented in
Figures 6-17 through 6-24 in the same form as previously presented for the
hydrogenation systems. Figure 6-25 presents the expendable rate for both
solid electrolyte and hydrogenation approaches.
Molten Carbonate Management System (Fi?,ure 6-26_ - System J
The molten carbonate system offers tJ_e largest potential of all the management
systems due to its ability to remove the CO2 from the process air stream as well
as reducing the CO 2 to 02 and carbon. System operation has been previously dis-
cussed in Section 5.7 and will not be repeated in detail in this section. Referring
to Figure 6-26, t!m process air is introduced to the rotating melt chamber, the
CO2 is removed, and the air returned to the cabin. The CO2 is then electrolyti-
cally decomposed to carbon and oxygen with the carbon plating out on the electrode.
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6.5
This system has the lowest equivalent weight of those considered, but is also in an
early development stage. Feasibility of the process has been verified in research
testing at Hamilton Standard but more effort is required on the optimum melt selec-
tion and zero "g" operation prior to full evaluation of the potential of this system.
Once these are determined better estimates of overall expendable requirements for
the system can be made.
Present estimates consider that a portion of the melt is trapped in the carbon plated
on the electrode although ideally this can be eliminated° The electrode itself is con-
sidered an expendable at this point in the development cycle but methods of carbon
removal can be studied to allow re-use of the electrodes°
The results for the molten carbonate CO2 management system are presented in
Figures 6-27 through 6-31. The fixed weight and power estimates for this
system are presented in Figures 6-27 and 6-28 respectively. Figure 6-29
illustrates the net thermal energy absorbed by the temperature control system and
rejected by the space radiator. Figure 6-30 presents the total equivalent weight
estimate for this system. Figxtre 6-31 presents a preliminary estimate of the
expendable requirements for this subsystem based upon current data. It must
be repeated here that further development effort on this system could reduce the
expendable requirements to zero, thus this figure allows only a first approximation
of this penalty.
Comparative Discussion
A summary of carbon dioxide management systems is shown in Figures 6-32 and
6-33. The actual selection process is left to the system integration discussion.
However, a preliminary examination of these figures indicated that for a six man
sTstem for a 420 da_r mission the molten carbonate system posesses a slight weight.
advantage over the solid electrolyte-solid adsorption system. However, this
advantage decreases with increases in mission time, but increases with increasing
CO2 production rate. The more rapid increase in molten carbonate system weight
with increasing mission time is a result of the high expendable rate associated with
the molten carbonate system. As mentioned previously, there is a potential to
decrease this expendable rate to nearly zero, which would result in a large weight
advantage for molten carbonate. The solid electrolyte-solid adsorption indicates
a considerable weight advantage over the other systems and currently enjoys a
somewhat better development status than the molten carbonate.
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7.0
7.1
7.1.1
7.1.2
ATMOSPHERIC SUPPLY
General
Objectives
The subsystem analysis of atmospheric storage methods was conducted to provide
sufficient data for use in the system integration phase of the study, when the car-
bon dioxide removal and reduction systems will be combined with storage tanks to
provide the required atmospheric constituents. Since the amount of stored atmos-
pheric constituents required depends upon mission duration, leakage rate, and
oxygen recovered, the storage data is presented in a readily usable form to elim-
inate the need for sizing calculations for each step in the later integration studies.
Thus, the information is presented as stored fluid tankage weights as a function of
the useful weight, and the effects of fluid use rates and standby time of the system
prior to actual use.
A considerable variety of storage methods are available for analysis as potential
candidate systems. This study has included cryogenic storage in supereritical
form and subcritical form, as well as gaseous storage and a brief treatment of
mixed gas storage. All of these were investigated in detail relative to their over-
all merit to the final system design. The cryogenic storage systems received con-
siderably more detail than gaseous storage, since their peculiar nature makes the
effect of various changes in parameters much more critical than that of gaseous
storage, where a constant pressure is maintained during standby and essentially
instantaneous supply is available.
This portion of the overall study was not intended to present a final design for any
gaseous or cryogenic storage requirements. This will be a subject for the system
integration phase once final storage quantity requirements are determined. It is
possible from the data presented to roughly approximate the overall weight asso-
ciated with storage of any quantity of fluid, thus allowing rapid resizing of storage
system requirements with changes in system design point or mission duration.
Use of Data
The data presented for atmospheric storage system approaches is entirely para-
metric in nature, in that major variables have been considered in the sizing study.
As previously mentioned, the objectives behind the presentation of this data are
allowance of rapid resizing of gross storage system requirements and easy deter-
mination of gross system weight changes with a change in the overall quantity stor-
ed.
In the case of supercritical, subcritical, and gaseous storage, the curves take the
form of a determination of total weight as a function of useful fluid weight. Thus,
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7.1.2 _Continued)
upon determination of the desired fluid quantity to be stored, the tankage or stor-
age weight associated with this can be determined.
Also included are basic schematic approaches for the storage systems considered,
as well as a description of system operation in each case from initial filling through
use of the fluid. The discussion also illustrates the potential methods of maintain-
ing operating pressure within cryogenic storage systems.
Cryogenic Storage
Supercritical Storage with Thermal Pressurization
The supercritical cryogenic storage system is not a new concept in the space life
support industry. Systems of this type are presently being developed for use on
the Gemini, Apollo and Lunar Excursion Module spacecraft, thus making consid-
erable data available in this area. For the analysis presented in this study, the
primary data inputs were previous in-house Hamilton Standard cryogenic programs,
with supplementary data provided by the Bendix Corporation - Pioneer Central Di-
vision. Many other competent suppliers exist in this field; however, generalized
design data does not vary substantially between suppliers. The National Bureau of
Standards has provided much of their latest data on liquid nitrogen and oxygen pro-
perties. This data has been very valuable in the performance of this study.
Supercritical storage offers many potentialadvantages in space use, the more ob-
vious of which are the adaptabilityto zero "g" operation and the lower tankage
weights as compared to gaseous storage systems. The supercritical fluid,as such,
is a homogeneous fluidand thus does not involve the problems of liquid-gas meter-
ing in zero "g".
Figure 7-1 illustrates a typical operation of a supercritical storage system on a
pressure-enthalpy diagram. Spherical tanks, as shown in Figure 7-2, were utiliz-
ed in this study and the discussion revolves about this configuration. The tank is
filled or partially filled with liquid at a pressure of one atmosphere and is sealed
at point 1 on the diagram. Heat is then added to the system with the fluid at con-
stant average density. Heat may be added by a circulating transport fluid via a
heat exchanger, by electrical heaters, or by heat leakage through the tank walls
and supports. In either of the three cases, the heat addition is continued until
state two is reached. At this point, no phase distinction exists between portions of
fluid. These gradients may be controlled and maintained within a given tolerance
band by proper design of the heat exchanger surface, thus avoiding any system
complications due to their presence. Fluid delivery is then accomplished at con-
stant pressure by adding heat at the proper rate until point 3 is reached. This
method avoids a two phase situation within the fluid up to that point.
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7.2.1 (Continued)
Two methods of limiting the pressure in a cryogenic tank during stand-by period
were considered. One method is to initially underfill the tank such that the heat
leakage will expand the stored fluid with increasing temperature to fill the tank,
and then pressurize to the required value by the end of the stand-by period. Another
scheme is to completely fill the tank with liquid initially and vent fluid during stand-
by as required to limit the tank pressure.
An investigation of the two methods indicates that the former will yield minimum
storage subsystem weight for the range of stand-by (0-360 hours) and the range of
usable fluid weight (200-1200 lbs. ) under consideration for leakage and metabolic
requirements. The latter method is applicable to long stand-by periods in the
order of several months or years.
Figure 7-3 illustrates the proper rate of heat addition for oxygen storage as a func-
tion of the storage pressure level and the amount of fluid remaining in the tank.
Thus, when the use rate is determined, the heat addition requirements can be
selected from this figure at the desired operating pressure. Figure 7-4 presents
the same data for the case of nitrogen storage. If a tank pressure decay is per-
missible, heat addition may be avoided after point 3 in the pressure-enthalpy dia-
gram is reached and an energy savings may be realized. At some time past this
point, it actually becomes impractical to attempt to maintain the initial pressure
by heat addition.
The schematic presents the storage system only to the point of the initial pressure
regulating valve. In actuality, atmospheric storage is cofitrolled by a demand
system within the overall life support system pressure control equipment. Upon
demand from this equipment and its associated sensors, the fluid is withdrawn from
the tank, passes through the initial pressure regulating valve to the demand valve
which admits it to the cabin or main system as required. In many cases, the exit
temperature of the fluid may be lower than desired system inlet temperature and
supplemental heating will be required upstream of the demand valve. This system
has not been illustrated during this analysis since it is a function of final system
integration and need not be finally determined until that time. The penalty for the
demand system will be essentially the same for all atmospheric storage systems,
thus the weight penalty has been omitted from the data presentation in this section
and must be an added factor in overall system design.
In summary, supercritical storage provides the desired fluid in a high density form
within small, relatively lightweight containers. The system reliability may be
somewhat lower than a simple gas system with an inflow valve, however, weight
savings are considered for this approach, making it a desirable candidate. Secondly,
the single phase storage aspect of the fluid minimizes flow control and metering
problems as well as the overall operational aspects in zero "g".
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7.2.2 Subcritieal Storage with Thermal Pressurization
The subcritical cryogenic storage system is essentially two phase storage during
the entire storage period. The two phase storage aspect brings with it the asso-
ciated liquid vapor metering problems in zero "g" which makes system control
somewhat more difficult than that for supercritical storage. Potential weight ad-
vantages of this approach, however, make its investigation desirable. The opera-
t-ion of the subcritical storage system discussed in this report is illustrated in
Figure 7-5, a pressure-enthalpy diagram. In this case the tank may be of any con-
venient shape and is more adaptable to vehicle packaging problems than the nor-
mal spherical tankage required for supercritical storage.
The storage tank is partially filled at a pressure of one atmosphere and sealed at
point 1 in the diagram. Heat is then added by methods similar to that outlined for
supercritical storage until the desired operating pressure is reached at point 2.
Fluid delivery occurs with the system maintained at a constant pressure between
points 2 to 3. Constant pressure maintenance is accomplished by the addition of
heat to balance the outflow from the system. This heat requirement to maintain
a constant pressure within the storage container as well as providing gaseous de-
livery of the fluid is approximately equal to the latent heat of vaporization of the
fluid upstream of the delivery pressure regulating valve.
As previously mentioned, the major problem associated with two phase subcritical
storage is the metering of the fluid upon demand. This is caused by the amorph-
ous presence of vapor and liquid within the tank in a zero gravity environment and
subsequently a random withdrawal of either or both. Figure 7-6 presents the basic
system schematic utilized in this study. As shown in this schematic, the fluid
leaving the tank is passed through a controlled restriction to provide a constant
mass flow with a constant pressure drop. Preliminary testing on this type of re-
strictor at Hamilton Standard has indicated a variation of liquid to vapor mass
flow rate of only 6 to 1 with a fixed pressure drop and a restrictor with fixed flow
resistance. This preliminary test data indicates that the metering problem asso-
ciated with two phase storage is less than might be anticipated; due partly to the
fact that the laminar flow characteristics are primarily dependent upon the ratio
of density to viscosity. This ratio changes far less than does the density as the
phase changes from liquid to gas.
Another potential solution to the metering problem is to construct the internal sur-
faces of the tank such that the surface tension forces between liquid, vapor, and
tank wall will cause the liquid to be gathered in one particular portion of the tank
in zero "g". By thus separating liquid and vapor, either one or the other can be
metered separately.
Upon leaving the restrictor, the fluid is then passed through the heat exchanger in
which the heat is transferred from the tank fluid and the tank ambient to the leaving
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7.2.2 (Continued)
7.2.3
fluid to vaporize it. With this approach, the heat leaking into the storage vessel
is used to vaporize the delivered fluid thus reducing system insulation require-
ments. In order to obtain a temperature difference between the leaving fluid and
the fluid within the tank itself that was considered sufficient for adequate opera-
tion, a storage pressure of 100 psia was selected for this analysis.
Subcritical storage, although initially unattractive due to the two phase metering
problems in zero "g" offers many potential advantages over supercrit:_cal storage.
The low storage pressure permits utilization of tankage in essentially any con-
venient shape without necessitating thick walled vessels, thus allowing more flex-
ibility of overall tankage design than that available with supercritical storage. The
minimum heat input requirements for subcritical storage offers other potential
advantages. Since a minimum heat input equal to the heat of vaporization of the
fluid is required, the minimum heat capacitance of the fluid in the tank is consi-
derably greater (from 2.4 to 2.9 times as great for nitrogen and oxygen respec-
tively). The insulation requirements of a subcritical storage system are then con-
siderably less in cases where the use rate is low.
The two phase storage minimizes the problems encountered in supplying heat to the
stored fluid for pressure control. Heat transferred from the heating element to
the fluid appears to be adequate because the boiling phenomena gives good heat
transfer coefficients at low gravity conditions and it is expected that this will be
the case in zero gravity as well.
Cryogenic Storage Using a Positive Expulsion
The third cryogenic storage scheme investigated was liquid storage with positive
expulsion of the liquid from the container by a bladder or piston arrangement.
This system was devised to avoid the two phase metering problem inherent in low
pressure storage when using fixed volume containers. The utilization of the blad-
der or piston arrangement maintains the stored fluid in the liquid form thus as-
suring a liquid delivery to the demand system. A bladder type container as indi-
cated in Figure 7-7 will probably prove to be the most practical approach, how-
ever, at present no suitable material seems available to satisfactorily perform
the task of flexing as a bladder in cryogenic liquids. This has been substantiated
in a report by Beech Aircraft Corporation. This bladder design problem will be
the major development task associated with obtaining a system of this type.
Another problem associated with this storage system approach is that of accurate-
ly controlling system heat leakages from the external environment. In order to
maintain a liquid within the bladder, the heat leakage into the contained fluid must
be essentially eliminated. This may be accomplished by expanding the pressurized
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7.2.3 (Continued)
effluent cryogenic fluid through a metering valve, thus reducing temperature, then
by proper insulation and heat exchanger design all the heat leak through the insu-
lation will be transferred to the leaving fluid. Figure 7-8 illustrates the path fol-
lowed by the fluid within the system. Sub-cooled liquid at point 1 in the diagram
is expanded to state 2. Heat is transferred to the efflux fluid at constant pressure
thus vaporizing it.
The weight of this subcrttical positive expulsion approach will be approximately
the same as a two phase storage system using thermal pressurization. The pri-
mary advantage of this system over a thermally pressurized two phase system ts
the relative ease of metering the efflux fluid. This may not prove to be a signifi-
cant enough point to require development of this system and its associated bladder
design in comparison with other more promising, more potentially available sys-
tem approaches.
Since the system weight is quite similar to that of the subcritical system discussed
in the preceding section, no parametric data presentation has been made for this
approach and it is considered essentially non-competitive at this time in view of
the other system capabilities which are available.
7.3 Gaseous Storage
Gaseous storage was considered primarily for supplementary oxygen requirements
and repressurizatton requirements since for large storage systems its weight and
volume are prohibitive. However, it does present potential advantages for long
term storage prior to use such as that of repressurization and is thus worth con-
sidering in the initial analysis. Since pressure decay and boiling vent losses do
not occur with a gaseous storage system, and the storage is at higher pressure
allowing instantaneous and rapid use, repressurization requirements could be
accomplished by gaseous storage.
Gaseous storage is also being considered for the Earth Re-entry Module. In this
case the quantity of gas to be stored is not large and the added reliability may off-
set the weight disadvantage of the storage technique.
Figure 7-9 presents a comparison of potential storage containers for gaseous
nitrogen over a range of pressures. This figure illustrates the storage weight
and volume requirements as a function of the quantity of nitrogen stored. From
this figure the optimum storage system for the point of interest can be determined
quite readily. The figure allows selection of a storage pressure on the basis of
minimum weight, minimum volume or some intermediate point between the two,
dependent upon the relative importances placed upon each. Also the effect of a
material change can be readily determined. Figure 7-10 presents the same corn-
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7.4
7.5
parison for the case of oxygen storage. One point must be made about this figure.
The stainless steel curve is for a tank cryogenically stretched by the Ardeform pro-
cess. This process, developed by the Arde-Portland Company provides a method
of obtaining high strength to weight ratios with stainless steel at low weight penalties.
_nile titanium is shown in this curve for comparison purposes, it will not be con-
sidered further because there is serious question about the compatibility of tita-
nium and high pressure oxygen.
Figures 7-11 and 7-12 present system sizing curves for nitrogen and oxygen at one
specific pressure. If this pressure proves optimum, the weight of the tankage sys-
tem associated with any stored fluid weight can be easily obtained from these two
curves. The curves themselves are somewhat self-explanatory and if a different
pressure level is desired, similar curves can be prepared quite easily from the
data in Figures 7-9 and 7-10.
Mixed Gas Storage
A mixed gas storage system was briefly considered for this requirement, but was
ruled out due to its great dependence upon stable use rates of both constituents.
This system, which stores both oxygen and nitrogen within the same container and
feeds them at a predicted use rate is very attractive for vehicles where leakage is
relatively constant and crew activity and crew occupancy variations are minor or
of short duration. In the case of the Mars vehicle, where crew variations may
range from 2 to 6 men, the system is unattractive due to its constant mixture
delivery.
The system holds some attractiveness in the case of vehicle repressurization
requirements in that the constant mixture fluid can be stored and delivered to the
cabin without major monitoring and inflow metering requirements. For the case
of a completely voided module, the system can be opened and allowed to fill the
module to the desired total pressure without fear of the resultant constituent
imbalance.
Chemical Storage
Chemical Storage of atmospheric components has the advantage of long storage life
without boil-off or venting losses. These systems in general are characterized
by weights which are higher than corresponding cryogenic system weights for
mission which have moderate to high minimum use rates and all but the longest
hold times. The main advantage of these chemical storage systems lies in very
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long mission times with use rates which are very low or intermittent. For the
purposes of this disucssion only those chemicals which exhibit a minimum weight
potential in their class will be examined° Further, those chemicals which per-
form dual functions such as the superoxides which both remove CO 2 and supply
02 will not be discussed on a subsystem level as they depend on integration into
a complete system to such a large extent.
The chemicals which can be used for the storage of oxygen can be classifed as
the alkali earth peroxides, superoxides, ozinides, chlorates, perchlorates, and
water. Of the above, the various orders of oxides do not contain enough recover-
able oxygen to be considered on this basis alone. However_ they may be compe-
titive in some systems when they can be given credit for their CO2 absorption
capabilities. The chlorates and perehlorates are similar except that the perchlorates
contain an extra usable oxygen atom per molecule. Of the perchlorates the chem-
ical lithium perchlorate (LiC104) yields the highest quantity of pure oxygen. The
reaction this chemical undergoes to produce oxygen is as follows:
LI C104 = LiCl + 202
Foote Mineral Co. has developed a candle using this chemical under an Air Force
contract which yields 49.2% usable oxygen by weight. A curve of system weight
vs. oxygen flow for 90 and 420 day missions for this chemical candle and the
ideal output for this chemical is included in Figure 7-13. This is the only
chemical not requiring water electrolysis for which data is presented as it is the
lightestand has a good development status. The main disadvantage of this
candle is the difficultyin obtaining a variable oxygen supply.
Two other chemicals were considered as an oxygen supply medium. These are
water and hydrogen peroxide. In evaluating these two chemical sources, which
require the electrolysis of water, the data presented in the electrolysis subsection
was used and water tankage weights were obtained from the LEM ECS system. In
this case of the hydrogen perioxide, a catalyst unit would first decompose the
peroxide to oxygen and water and the water would be subsequently reduced. Fixed
weight, power, and total equivalent weight at 500 lbs per KW vs. oxygen flow are
presented in Figures 7-13 through 7-15 for these two chemicals.
Chemical storage of nitrogen usually revolves around the azide chemicals. The
only azide which gives a reasonable nitrogen yield is Lithium Azide. However,
after talking with Foote Mineral Co. this chemical was not evaluated in detail
due to itsextreme instabilityand, as a result, safety hazard.
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7.6 Comparative Discussion
The data associated with the supercritical, subcritical, gaseous, and chemical
storage systems is presented in the following pages. Certain major assumptions
associated with the preparation of the data apply to most of the curves, and are
repeated here for better overall understanding of the curves.
1. Cryogenic system tankage will be designed to eliminate venting for pressure
control except in those cases where venting results in a weight advantage°
° The cryogenic oxygen tankage system was considered as consisting of an
inner tank of Inconel with an outer shell of aluminum, Insulation design was
based on laminations of. 008 inch Of glass paper and ° 00023 inch aluminum
foil with 55 shields per inch. The conductivity of this insulation is 3o 5 x 10 -5
BTU per ft. degree Rankin.
3. The cryogenic ni_ogen tankage system was designed to the same basic ground
rules as that of oxygen except that the inner shell was taken as titanium.
4. To provide a consistent basis for comparison all tankage systems were con-
sidered spherical in shape.
5. The configurations considered for each of the systems are those previously
discussed and presented in Figures 7-2 and 7-6.
Considering the analysis in this manner, the primary parameters affecting system
weight become the fluid payload, the minimum usage rate of the fluid, and the
standby time required before any fluid is withdra_n. In cases where a very low mini-
mum use rate exists, use rate is the determining factor of overall system weight.
As the minimum use rate increases, the lowest system weight must be determined
by a trade-off of weight due to initial ullage and insulation weight for a particular
standby time.
Figure 7-16 presents a comparison of gaseous, supercritical and subcritical storage
for the oxygen supply for the Mars Mission Module. It can be seen that subcritical
storage has a weight advantage throughout the entire range of storage weights
considered.
The hydrogen peroxide storage technique which uses a water electrolysis cell, as
presented in Figure 7-15, exhibits the same penalty as the subcritical storage
method for a 420 day mission time and a power penalty of 500 lb/KW. A final
choice between these two methods must ultimately depend on system considerations,
such as reliability, good module refill response, and spare part considerations.
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7.6 (Continued)
No clear choice is possible at this subsystem level Further, differences in
power penalty and mission time can drastically effect this trade-off.
Figure 7-17 presents the same comparison for a storage tank for the Mars Excur-
sion Module where there will be a period of 120 days between fillingand use. Sub-
criticalstorage indicates a weight advantage for this vehicle also.
A comparison of oxygen storage methods for the Earth Re-entry Module is shown
in Figure 7-18. In this case, there is a period of 420 days between filling and use.
In the range of interest for the ERM the total weight of the system is about the
same for either subcritical or supercritical storage and is only 15 to 20 pounds
lighter than gaseous storage. Therefore, the added reliability possible with gaseous
storage may indicate gaseous rather than supercritical storage.
Figures 7-19 and 7-20 present the weight of supercritical and subcritical storage
systems for atmospheric nitrogen as a function of fluid weight and use rate. Figure
7-21 has been drawn from these curves for a minimum use rate of. 05 pounds per
hour and compared with gaseous storage. It can be seen that again subcritical
storage is the preferred method for the Mars Mission Module.
Figures 7-22 and 7-23 present comparisons of nitrogen storage methods for the
Mars Excursion Module and Earth Re-entry Module respectively. It can be seen
that the subcritical storage is the preferred storage for the MEM, but gaseous
storage is clearly indicated for the ERM.
The preceding curves did not include the equivalent weight of power required to
maintain pressurization of the cryogenic tanks. Figure 7-24 presents the equiva-
lent weight of power required as a function of use rate and power penalty. Elec-
trical heating has been assumed because the penalty is small and the simplicity
may be worth a small weight disadvantage compared to the use of waste heat. The
power charged as a weight penalty in this figure includes that required for thermal
pressurization and that required to raise the efflux fluid to 70°F. Although the
pressurization heating requirement is somewhat less for nitrogen than oxygen, the
total power to bring both fluids to 70°F is essentially the same. Therefore, one
curve has been provided for both oxygen and nitrogen.
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8.1.1
WATER MANAGEMENT
General
During the Mars mission the crew will require water for drinking, food prepara-
tion and bathing. Since the journey to and from Mars will last for 420 days, it
will be necessary to recover and reuse the available water supply repeatedly.
The water requirements utilized in this study are presented below. These values
as shown are based on assumed realistic values within the range of specified
water requirements presented in Section 3.0 of Volume 1.
M. E.M.
M. E.M.
and
E. R.M. Extra-Vehicular
Intake (lb/man-day)
Food and drink
Water of Oxidation
6.17 7.94 20.10
.77 .77 ,77
Output (lb/man-day)
Urine
(Water Content)
Respiration
Perspiration
Fecal Water
3.31 3.34 2.64
2.86 4.60 5.29
.44 .44 12.61
.33 .33 .33
Examination of the water requirements reveals that with highly efficient water
recovery the metabolic needs can be satisfied without the use of fecal water.
For this reason, water recovered from feces will not be used for drinking, but
will instead be used to produce oxygen by electrolysis if required.
Objectives
The analysis of water reclamation considered each source of contaminated water
separately rather than investigating one piece of equipment to handle contaminated
water from all sources. Urine, wash water, and humidity water were treated
as separate sources. The initial analysis was for urine reclamation since this
presents the most difficult contaminant removal problem. The contaminants in
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urine are more severe in their effect on subsystem operation than those in either
wash water or the water recovered from the atmospheric control system. This
section discusses the result of the analysis.
The primary objective of the initial analysis was selection of candidate system
approaches for urine reclamation. To accomplish this in an optimum fashion with
each system penalized equally, certain basic assumptions were made. The primary
assumption was that each system should basically stand alone without assistance
from potential integration parameters from the rest of the life support equipment.
For some approaches investigated, this was not completely feasible, however,
consideration was given to this in the final comparative discussions.
The primary reason for reclaiming water from the three sources above is to satisfy
the metabolic requirements,and consequently the subsystems will be evaluated
mainly on this basis. However, it can be seen that complete water recovery will
provide an excess beyond the metabolic needs, and this may be useful for additional
purposes depending on other subsystems. The most obvious use of excess water is
to provide a source of oxygen by means of electrolysis. There will always be some
cabin leakage,and on a long mission this can amount to substantial weights of
oxygen required. If the system power penalty is low enough to make electrolysis
of water more attractive than storage of oxygen, then any excess water can lead
to a weight saving for the atmospheric supply system.
However, the production of excess water will not be a major factor in the comparison
of these water reclamation systems, since it is primarily of interest during system
integration.
A second item of importance in the discussion is that of reliability and maintainability
considerations. The main purpose of the analysis to-date is presentation of system
sizing parameters for each approach considered and selection of candidate ap-
proaches worthy of further studies. Thus, weight penalties with time do not include
penalties attributable to spares or maintenance requirements. It was felt that, in
general, this is a low penalty for all candidate systems and would be handled
qualitatively. With this in mind, a system with inherently poor reliability which
would seem to require excessive spares or maintenance is penalized qualitatively at
this time.
8.1.2 Discussion of Data Presentation
The primary data required for fullutilizationof the results are weight, power,
expendable requirements over the range of interest. However, to more clearly
and
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define the system, additional cross plots have been prepared to illustrate overall
penalties on a cumulative basis.
In addition to this data, a basic system schematic is illustrated for each approach.
These schematics must be tempered by the comments on reliability and individual
operation since the effects of system integration and reliability may alter the system.
However, for basic discussion purposes, the schematics are complete.
It should be pointed out here that where a penalty for expendables is included, this
penalty is the weight of the expendables alone and does not include any packaging
associated with initial storage. This philosophy has been taken to allow more
universal usage of the data at a later date when storage methods are selected for the
overall system. Not including those penalties at this time allows simpler utilization
of the data in the system integration phase. A second point to be considered is the
fact that system integration is not considered in this phase of the study. Although
system integration may benefit some of these system approaches by providing
waste heat (thus reducing electrical power requirements), consideration of the
overall system may also penalize some of the water reclamation approaches due to
the temperature levels associated with the system. For example, a system which
utilizes waste heat from the main thermal control system does so at a decrease in
power but at an increase in radiator weight penalty due to the lower inlet temper-
ature available to the radiator. It was felt that these factors should be considered
in the final integration phase rather than during the initial subsystem studies.
Urine Reclamation by Electrodialysis
Introduction and Data Source
The analysis of electrodialysis urine reclamation systems was based on information
provided by Ionics Inc. in Cambridge, Mass. This data presented in reports from
Ionics to Hamilton Standard as well as previous contract reports allowed consider-
ation of this approach in sufficient detail for this study.
This approach to urine reclamation has received considerable interest throughout
the industry due to its apparent simplicity, low weight, and power requirements.
Ionics has extended their experience in commercial brackish water purification
into the urine reclamation field thus offering a system with considerable previous
experience in general terms although somewhat limited in specific application.
Some work is being pursued on this approach by others in the industry, however,
the Ionics data was considered sufficient and completely typical for this approach
and has been used as the primary input.
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8.2.2 System Description
Figure 8-1 presents the basic schematic for the electrodialysis process. The
primary component of the electr0dialysis system is the stack itself. This electro-
dialysis stack consists of alternate pairs of anion and cation permeable membranes
with a potential difference maintained across the membranes with electrodes. This
allows removal of electrolytes from the circulating solution thus purifying the water.
Non-electrolytes cannot be removed by the membrane stack and must be removed
prior to or subsequent to processing by the membranes.
This means that the only major contaminant that will be removed from urine by the
electrodialysis stack is sodium chloride. Since urea, which is a non-electrolyte,
is the main contaminant present in urine, the process must include some alternate
means of removing urea. In the proposed system, the urea is removed prior to the
membrane stack by charcoal filtration after having been treated with a complexing
agent. A suitable complexing agent, which precipitates the urea and allows it to be
filtered out by the charcoal, has been developed by Ionics Inc.
ELECTRODIALYSIS H20 RECLAMATION
PRETR_IMFNT -I
CHARCOAL BED 4r
M I LLI PORE
FILTER
PUMP
MULATOR
ULTRA--VIOLET
LAMP
STACK
CONDUCTIVITY
PROBE
MEMBRANE
RMEATION
UNIT
FINAL
CHARCOAL
FILTER
TO WASTE
STORAGE TANK
TO WATER
STORAGE TANK
FIGURE 8--1
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8.2.3
After filtration the treated urine is passed to the electrodialysis stack where the
ions are evenly distributed at the inlet. However, upon coming in contact with the
potential difference across the membranes, separation does initiate. The positively
charged ions pass through the cation permeable membranes under the influence of
the applied potential but are unable to pass the anion permeable membranes. A
similar action is imposed on the negatively charged ions by the anion permeable
membranes thus removing both types of ions from the main process stream. By
alternating cells throughout the electrodialysis stack and passing the process water
through every other cell, purification can be achieved. The alternate cells which
pass the water become depleted of ions with the other cells becoming more con-
centrated by the removed ions. The process is continually repeated and the process
water recycled until the required degree of desalination is achieved. The con-
centrate stream contains a certain quantity of endosmotic water that has dissolved
in it all the salts and represents a fraction of the original water that canot be re-
covered by this process. After completion of desalination in the electrodialysis
cell, the processed water is final treated by charcoal filtration and irradiation with
ultraviolet light prior to storage or final usage. Some problems may exist in the
basic electrodialysis stack in separating trace quantities of oxygen and hydrogen
which appear at the electrodes. Basically the process is quite adaptable to zero
gravity operation if these trace gases produced can be minimized or suitably
removed. This remains as a design and development problem, which must be solved
prior to utilization of this approach, however it is not considered a major problem
since it is primarily a gas-liquid separation problem which has received consider-
able attention for other applications.
In the electrodialysis process some water, called endosmotic water, is transferred
into the concentrate stream along with the ions. This limits the amount of water
that can be recovered from urine by the electrodialysis stack to 95%. In an effort to
increase the yield still further, Ionics Inc. has proposed the addition of a membrane
permeation unit. This will extract water from the concentrate stream and raise
the overall system recovery to 96.8%.
The membrane permeation unit extracts water from the concentrate stream by
distilling water through a perm-selective membrane that will pass water vapor but
not salt ions. While this additional unit increases the yield it also increases the
system complexity.
Results
Figure 8-2 presents the results of the analysis of system fixed weight variation with
changes in urine process rate. The process rate is shown over a range of 0 to 50
lbs. per day which covers a design point range up to 14 men.
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8.2.4
From this curve, the basic weight of the system may be determined. The curve is
fiat over the low range since a limiting value of stack size is reached. The storage
tanks required for the raw urine and the potable water on the outlet have not been
included in the weight consideration since the effect of these is relatively equal for
all system approaches and need not increase the complexity of the data presentation.
Figure 8-3 presents the system power requirements as a function of urine process
rate to allow sizing of the overall system. It can be noted from each of these
figures that initial fixed weight and initial power requirements for the system are
quite low thus making it an attractive approach.
Figure 8-4 illustrates the equivalent weight of the system as a function of the urine
process weight for a 420 day mission. The primary penalty associated with the
system is the high amount of pre-treatment charcoal required per lb. of urine
processed. This use rate (. 242 lbs. per man day) detracts from the otherwise
attractive features of the overall system. Considerable discussion has taken place
as to the feasibility of regenerating this charcoal to make it usable continuously
thus eliminating a great percentage of this expendable weight requirement. This
has not yet been proven, however, and still remains as a problem area to be solved
before adequate appraisal of this approach can be made. The regeneration of
charcoal that has been saturated with urea cannot be predicted theoretically at this
time, although it appears an important area to be evaluated experimentally, if
electrodialysis is considered worthy from other aspects.
Figure 8-5 illustrates this point somewhat more clearly by presenting the equivalent
launch weight of the electrodialysis system as a function of the mission duration.
It can be seen that changing the mission period from 0 to 420 days offers a consid-
erable change in the equivalent weight of the system at launch. Looking at the zero
ordinate, it is apparent that the fixed weight and weight of power for electrodialysis
are quite low. However, the expendable rate mounts quite rapidly with increase in
mission duration if the charcoal is not regenerated.
Conclusions
The electrodialysis process has many problem areas which must be resolved prior
to its suitability for manned space vehicle applications. The previously mentioned
problem of heavy expendable weights due to charcoal is perhaps the greatest of these
problems. However, other problems which have become apparent are those of
functional operation of the membrane permeation unit and demonstration of membrane
reliability in use with urine over an extended period of time. Ionics has been quite
successful with membrane life in brackish water plants, however, the problems
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(Continued)
may be significantly different and can best be proved by extended duration testing.
Electric Boat (A Study of Water Reclamation for Space Stations, Contract NAS 1-2208)
has indicated that the membranepore size is so small as to inhibit the passage of
large ions. This means that any large ions present in the urine would remain in the
effluent stream and could lead to progressive build up of contaminants within the
astronaut's system. This area should also be more fully evaluated experimentally
prior to system selection. There exists the possibility that in a urine solution,
organic membranes may serve as sites for bacterial growth.
If extended testing proves that high purity water is repeatedly attainable, and if the
membrane problems can be overcome, then electrodtalysis can be considered a very
promising approach. Among its advantages are that it requires a minimum of moving
parts, low weight, volume, and power requirements, and predictions of long life.
The system approach itself is competitive enough to be considered further in the
system integration phase and many of these points will be given more attention during
this portion of the study.
Air Evaporation Urine Reclamation
Introduction and Data Source
Urine reclamation by direct evaporation into a circulating air stream is the simplest
urine reclamation approach which can be considered. This approach, which has
been the subject of considerable Hamilton Standard research work in the past year,
has been analyzed somewhat arbitrarily here due to its full dependence on final
system integration parameters, however, reasonable estimates of system operation
have been made to allow parametric sizing of the system. Main source of data for
this analysis has been the Hamilton Standard test work to-date.
System Description
Figure 8-6 presents a schematic of the air evaporation system considered in this
analysis. The system presented in this schematic is a closed system (air is
constantly re-circulated throughout a closed loop). Air evaporation may also be
used in an open system approach where the circulating cabin air is the process
media, however, development testing on the problem of odor carry-over into the
cabin is required before full evaluation of this method can be completed.
In the closed system operation the circulating air is normal cabin atmosphere at
normal cabin pressure so that there is no pressure loading on the system ducting.
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AIR EVAPORATION H20 RECLAMATION
U LTRA--VIOLET
LAMP
| CONDENSER WATER I
__ SEPARATOR I ,
_1 I EVAPORATOR I IRECIRCULATING FANFROM I I I
URINE I I I
PRETREATMENT I I /
TRANS 'RTTITRANS 'RT
FIGURE 8-6
The system consists of an evaporator, a condenser, a fan, a water separator, and
a heater. The process urine is brought into the wick evaporator after a series of
pre-treatment and filtration processes and distributed through wicks in the evap-
orator where the hot air evaporates the water leaving the solids in the wicks. From
this point, the vapor is condensed to water droplets similar to the condensation
process taking place in the main thermal control system and is then removed by a
water separator similar to or identical to (depending upon size requirements) the
one in the main system. The cool air then passes through a heater where the heat
required for evaporation is returned to the air by a circulating heat transport fluid
in the case of a closed system, or by the cabin heat load in the case of an open system.
The hot air then re-enters the air evaporator to close the cycle and complete the
process. The condensed moisture separated by the water separator is pumped out
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8.3.3
of the system to storage or post-treatment depending on its eventual use. One of
the virtues of this system is the ability to recover one hundred per cent of the water.
This is achieved simply by operating the system till the wicks are dry.
In the pre-treatment process, a chemical is added which serves two purposes.
First it disinfects the urine to retard bacterial growth and secondly, it complexes
the ammonia ions so that they will not be distilled as free ammonia along with the
water vapor. This treatment is important since the urine soaked wicks can only
retain contaminants that are non-volatile.
One other element may be applicable in the overall system and that is an odor
control device within the circulating air stream. It is desirable to include one in
the system to hold down the potential odor generation by the evaporating urine to
preclude any immediate problems which could be caused by a leak in the system.
The amount of charcoal required for this odor protection is small in comparison
to the rest of the expendables and is deemed a good investment.
The primary expendable requirements for an air evaporation system are the wicks
in the evaporator, pretreatment chemicals and charcoal filters. Since the solids
in the urine remain in the wicks, they must be changed periodically to maintain
their capacity and efficiency. This wick replacement problem must be the subject
of system development to assure an optimum method of replacement from a weight
and ease of maintainability point of view but is considered minor in its affect on
overall development status of the system. The evaporators may provide some
problem in wick distribution but this is also considered a development problem and
is not a severe design drawback.
State-of-the-art equipment exists for all other components and should not require
any severe development problems since the primary requirement is adequate sizing
of equipment rather than extending its performance requirements or capabilities.
Results
Since the air evaporation system must be integrated with the entire life support
system due to dependency upon the circulating coolant loop for heat addition and
condensation, it is impossible to make a specific design of a system applicable to
all conditions. As system heat loads, flows, and temperature change, the optimum
weight and power of the air evaporation system will change. Since the purpose
of this phase was determination of parametric data to allow rapid calculation of
system weight and power at the later phase, this system was studied to provide
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design data requirements initially, and then an estimate of final system heat loads,
flows, and temperatures was made to provide comparative data on this approach.
Since the heat of evaporation and the sensible heat of the air are equal in the evap-
orator, and if the air leaving the evaporator is assumed saturated, basic design
data may be generated to allow sizing of the system at a later date. Figure 8-7,
8-8 and 8-9 were prepared for evaporator performance from these assumptions.
These figures illustrate the amount of moisture that can be picked up by a pound of
air with the entering hot air temperature and the entering saturation temperature
specified on the graphs. For flexibility, the figures were prepared at the design
pressure and the extremes of the operating pressure range. By using these curves,
the required air weight flow to process urine at any rate can be quickly determined.
The next area of interest in sizing is that of the heat exchanger weight requirements.
If one assumes that the fin geometry and air side pressure drop are fixed, the heat
exchanger weight is then proportional to UA. Picking a transport fluid for illustra-
tion purposes (in this case, glycol) and setting a pressure drop and fin geometry,
calculations were made indicating that core weight is approximately equal to 1.4 x
UA. Figure 8-10 presents the core weight per unit air mass flow vs. the mass flow
ratio and heat exchanger effectiveness, thus allowing approximation of heat exchanger
core weight. This can be used for both condenser and heat exchanger weight cal-
culations; however, the Ap should be doubled to account for the increase in pressure
drop due to condensation in the condenser. Although this offers a conservative
design, it is adequate for initial sizing purposes. The fins selected and the AP of
the core are considered to be within the range of interest for this application.
The evaporator weight varies with the inlet temperature and humidity as well as with
the number of men. No presentation of evaporator weight variation has been made;
however, it will be a relatively light component and should have a small effect on
overall system weight.
Figure 8-11 allows determination of system input power requirements. This figure
presents the power requirements as a function of total system airflow and the air
pressure drop throughout the system in inches of water. Three specific pressure
drops are illustrated in this figure to allow comparison of power requirements over
the range of interest. Thus, this figure and the preceding figures permit initial
system sizing once final life support system temperature limits are established.
To allow an evaluation of this approach with other candidate water reclamation
approaches, it became necessary to attempt reasonable assumptions of final system
temperature levels to provide an early indication of the air evaporation weight and
power requirements in the final configuration. The selected system input parameters
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8.3.4
are within the final range of interest, thus allowing an accurate preliminary
comparison of this system's applicability and its candidacy for further study. For
this analysis the system was assumed to operate at 7.0 psia as specified for the
Mars Mission vehicles. The circulating air dry bulb temperature at the evaporator
inlet was 140°F, and the dew point at the condenser outlet was 55°F. The total
system pressure loss was set at 2.0" H20 and the system power consumption was
the associated fan power plus 5 watts for an ultraviolet lamp.
Figure 8-12 illustrates the estimated fixed weight evaluation as a function of the
urine process rate. This curve has a leveling off point at the lower system sizes
due to the fact that component weights reach a minimum practical value below which
a linear relationship with flow requirements does not hold thus reaching a limiting
factor in system weight. Figure 8-13 presents the estimated input power require-
ments for this system in final application. A simplifying assumption of a constant fan
efficiency was made to allow the data to be presented in parametric fashion. This
assumption is quite reasonable for this type of equipment and should not affect
determination of power requirements.
Figure 8-14 illustrates the system equivalent weight as a function of the urine process
rate for a 420 day mission. Figure 8-15 presents the system weight variation as
a function of mission duration. The effect of power is negligible as illustrated in
Figure 8-14 which presents the equivalent weight at power penalties of 0 and 500
lbs./kilowatt. The small difference between these two lines is readily noticed.
Conclusions
The air evaporation urine reclamation approach is a promising contender for final
system selection due to its extremely low fixed weight and power penalty and over-
all simplicity. The achievement of complete water recovery is very significant and
means that useful water beyond metabolic needs may be provided for other purposes
such as electrolysis.
Reliability is enhanced due to the fact that the heat transfer to the urine occurs at a
gas to liquid interface rather than across a metallic surface where scaling and
corrosion could be troublesome.
In this system the urine residue is deposited on the wicks in the evaporator and,
when saturated, the wicks are dried out by simply operating the system without the
addition of urine. When the residue is in this dry solid form, handling and storage
presents no problem. Another interesting factor is the potential ease of application
within the main thermal control system. If development testing illustrates that an
open approach can be taken to air evaporation, a further reduction in system fixed
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weight is probable since condenser, water separator, fan, and heater weight can be
eliminated, except for the slight increase in main thermal control system size due
to the added capability required.
The system requires expendables for pre-treatment and post-treatment as well
as continual changing of the wicks in the evaporator. However, the rate of utiliza-
tion of these expendables (in the order of 3% by weight of the urine processed) is
reasonable for consideration in the final system approach.
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ELF Water Reclamation
Introduction and Data Source
The ELF water reclamation system (electrolysis cell-fuel cell system) is a concept
of the General Electric Co. which has undergone preliminary development testing
under an Air Force contract, as reported in U.S. Air Force Report AMRL-TDR-
63-32 dated April, 1963.
This technique combines ion exchange membrane electrolysis cells with ion exchange
membrane fuel cells so that oxygen and hydrogen, which are electrolyzed from urine,
recombine in the fuel cell to produce potable water. The system description and
data presented in this report are based largely on the results of that contract and
to a certain extent include extrapolations of test results and data to provide the
required parametric presentation for this report.
STstem Description
Figure 8-16 presents a simplified schematic approach to the ELF system. Operation
is quite simple with no major moving parts and success is mainly dependent upon
the reliability of the electrolysis cell and fuel cell. Raw urine is fed into the electrol-
ysis cell where it is disassociated into hydrogen and oxygen° The two gases are then
utilized as the input fuel for the fuel cell, where recombination occurs as part of the
process and potable water is an end product. The power generated by the fuel cell
contributes to reducing the high power requirement of the electrolysis cell.
Development work on this system has been essentially limited to the work described
in this report and certain long term mission hesitancies arise from the analysis.
A membrane life problem occurred during initial testing at a period of approximately
800 hours in duration. General Electric recommends consideration of membrane
replacement at approximately 60 day intervals and believes that membrane re-
placement will be a low weight penalty to the overall vehicle.
Another area of concern with this approach is the apparent lack of expendable re-
quirements for membrane protection in the electrolysis cell itself. The intro-
duction of raw urine directly to the electrolysis cell may create problems for long
life operation due to the urea and other contaminants which remain within the cell
as the hydrogen and oxygen are given off. These questions make systems applica-
tion perhaps more complex than that illustrated in the schematic of Figure 8-16.
If an ELF system were to be operated for a period as long as 420 days the cell
electrolyte would have to be replaced. In this study an expendable weight penalty
was determined assuming the replacement of electrolyte at sixty day intervals.
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8.4.3 Results
A limited analysis was done on this system approach to determine the weight,
power, and equivalent weight requirements of the system to allow comparison with
other system approaches investigated. Although this application was not initially
considered as part of the overall study work statement, its uniqueness and potential
long term mission application made its limited inclusion desirable.
Figure 8-17 illustrates the system fixed weight requirements as a function of the
urine process rate. It can be noted from earlier system discussions for water
reclamation, that this weight is relatively high in comparison to other approaches.
Figure 8-18 presents the power requirement as a function of the urine process rate.
At the main point of interest (6 men, 20.8 lbs. of urine per day) the inlet power
requirements for this system are in the order of 1300 watts or better than 200 watts
per man which is a considerable penalty to pay compared to alternate methods of
urine reclamation. The effect of this power is illustrated in Figure 8-19 which
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8.4.4
presents the equivalent weight of the system as a function of the process rate.
Figure 8-20 illustrates the system equivalent weight as a function of mission duration.
General Electric data indicates that the expendable requirements are quite low,
however, a better evaluation of the replacement parts, system life, and potential
pre- and post-treatment requirements will be necessary prior to full validation of
this particular assumption and the estimate used for this study.
Conclusions
In conclusion, the ELF urine reclamation system has as its main potential advantage
a simplified stop-start procedure in comparison with many other water reclamation
systems. However, the extremely high power requirements coupled with the
membrane life problem may make the system non-competitive for the Mars Vehicles.
Later system applications, where the cost of power and the launch capacity of the
initial booster are more favorable, could evolve the ELF system as a definite
candidate depending upon the final expendable utilization rates. Qualitatively, the
system reliability should be considerably less than that of some of its counterparts
due to the comparatively exotic processes utilized and the considerable amount of
valving required for actual system operation which is not shown in the simplified
schematic. This feature would have to be evaluated further prior to utilization of
the approach.
Water has been tested and appears potable from the results of system operation
to-date. A reclamation efficiency of approximately 90% has been exhibited which
is low by comparative standards and would require some improvement for both the
case where urine is used solely to equal the metabolic water balance and especially
for the case where the excess water generated by the crew is utilized as a partial
oxygen make-up. On a mission of 420 days, a small percentage deficiency in water
reclamation amounts to a large total weight.
Vapor Compression Water Reclamation
Introduction and Data Source
A vapor compression system is presently being evaluated by the Langley Research
Center of the National Aeronautics and Space Administration. This system which
was provided to the Langley Research Center under contract by the Mechanics
Research Div. of General American Transportation Co. has been evaluated for this
study. Other areas of industry are also involved in vapor compression water
reclamation, however, the data on hand to-date indicates that the Mechanics Research
approach is the most attractive.
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This study analysis has been based upon information in Mechanics Research Div.
reports on the system numbered MRl186-30 and MR5614-0. These reports present
results of a design study and preliminary testing on two versions of the vapor
compression system. This has been supplemented by a performance prediction from
the Langley Research Center on actual system performance after development and
qualification. Data presented in this study is based on this Langley Research Center
information.
8.5.2 System Description
Figure 8-21 presents a simplified schematic approach to the vapor compression system
considered in this study. The system consists essentially of a urine evaporator,
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8.5.3
compressor, and condenser. For adequate operation, the urine must be treated
prior to introduction to the evaporator and subjected to a certain amount of post-
treatment after condensation to assure potability. The schematic indicates that the
problem of gas-liquid separation in zero "g" is solved for this approach by rotation
of the evaporator and condenser. In actuality, the evaporator and condenser are
regenerative in nature with evaporation occurring in the center cylinder of a rotating
set of concentric cylinders and condensation occurring between the walls of the two
cylinders providing regenerative heat exchange through the condenser wall to the
evaporator. The compressor is included in this rotating configuration and provides
the energy input to the system. The process operates at low pressures which are
maintained by periodic purging of the system to space vacuum.
System operation may be traced simply as follows: urine is pre-treated and evap-
orated after introduction to the system. The compressor raises the vapor pressure
of the steam and the condenser condenses the vapor to water. The compression
allows the latent heat of condensation to be used to evaporate the water from the
urine. Condensate is drawn off of the condenser, post-treated and then passed
to storage tanks for eventual use.
This system has the primary problem of scale formation on the evaporator heat
transfer surfaces. This formation, if allowed to continue for anappreciable period
of time, degrades the heat transfer process to a point where system efficiency is
below desirable limits. The system in question eliminates this problem by operating
as a semi-batch type process and periodically cleaning the evaporator by removing
a plastic liner which clings to the evaporator walls. Thus, the scale is formed on
the liner and can be removed easily. This method of scale removal presents a
slight initial degradation to the heat transfer surface due to the presence of the
plastic liner, but allows the complete cleaning of the surface. A disadvantage of
this approach, however, is somewhat complex operating procedure required for
plastic liner removal. Development work will be required in this area prior to
acceptance of this system for long duration missions with minimum maintenance.
Results
The data utilized in the study for the vapor compression system was expanded some-
what by in-house Hamilton Standard experience to provide the required range of
interest for this study. This was necessary since most of the work done to-date on
this system approach has evolved about a single design point.
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Figure 8-22 presents the variation in system fixed weight as a function of the urine
process rate and Figure 8-23 illustrates the system power requirements as a function
of the process rate. The actual input power illustrated here is quite low in com-
parison with other system approaches and is quite attractive. A simplified assumption
of constant compressor efficiency was made in preparation of this curve which might
affect the accuracy of the data at the extremes of the rangc. The percentage effect
of this assumption however is low enough to allow its utilization as a goocl approxi-
mation.
Figures 8-24 and 8-25 illustrate the variation in total system equivalent weight as a
function of the process rate and mission duration. In this case the assumption of 20
hours per day system operation has been utilized as a reasonable value. Figure 8-24
presents the equivalent weight against urine process rate for a 420 day mission.
Figure 8-25 shows equivalent weight against mission duration. The equivalent
weight includes expendables which consist of pre- and post-treatment chemicals,
evaporator liner, and water and air lost during purging.
The weight evaluation of the vapor compression system makes it a very attractive
system for further study as a potential candidate in the overall life support system
approach. The system has received considerable early development attention both
in industry and in the work of the Langley Research Center and the basic principles
are proven. Estimated future recovery efficiency is quite good with approximately
95% of the water recovered from the urine. Three problems exist however which
must be solved prior to utilization of this system in the final space station configur-
ation. The first of these problems, the scaling of the evaporator heat transfer
surfaces, has been previously mentioned in the discussion of the plastic liners
utilized in the evaporator. The second problem, that of separation of the liquid vapor
phase in the evaporator and condenser for zero "g" operation, has not been fully
evaluated for zero "g" conditions and may require more development work prior to
satisfactory operation. The present method of rotating the evaporator and condenser
and creating an artificial gravity field seems the most direct solution to this problem.
However, rotational speeds and equipment sizes may require considerable optimi-
zation prior to final system qualifications. The third area of concern, which must
be investigated further during development aspects, is that of potential presence of
non-condensibles in the condenser. The present design utilizes a purge to vacuum
to rid the condenser of these non-condensibles which inhibit condensation. This
approach is satisfactory for adequate condensation, however start-up and periodic
purging of the condenser creates a penalty for the air lost over a long period of time.
The primary disadvantages of the system are the unadaptability to intermittent
operation, the reliability problems associated with rotation of the evaporator and
condenser, and the reduced pressure operation of the entire system. All of these
require further analysis and evaluative testing.
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VAPOR COMPRESSION URINE RECLAMATION
EQUIVALENT WEIGHT VS PROCESS RATE
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8.6.1
8.6.2
Oil Jet Evaporation Water Reclamation
Introduction and Data Source
The oil jet evaporator system is essentially a vapor compression water reclamation
system. This system was the subject of a research program by Hamilton Standard
in the recent past. Its potential attractiveness in some areas and overall difference
in approach warranted its inclusion in this study as a potential candidatewater
reclamation system.
The data presented is based essentially on research data with the system approach
as yet to be demonstrated in its entirety. The research data accumulated to--date
has been primarily concerned with establishment of component feasibility rather
than overall system demonstration. Development status is very poor in general,
although some potential advantages may make ita competitive system for longer
duration missions ff certain improvements can be made.
System Desc ription
Figure 8-26 illustrates the oil jet evaporator system considered in this study. As
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8.6.3
previously mentioned, the system is essentially a vapor compression system in
that reclamation occurs by evaPorating the urine and condensing and recovering the
distillate. The primary difference from the standard thinking for vapor compression
systems is the inclusion of a circulating oil transport loop to eliminate the scaling
and heat exchange fouling problems in the evaporation portion of the cycle. The
raw urine is fed into the system through an ejector type nozzle and evaporation
occurs at this nozzle, thus presenting a vapor formation within the circulating oil.
A separator installed downstream of the evaporator is utilized to remove the water
vapor from the circulating oil leaving the solids to be carried off by the circulating
oil stream. The separated vapor is then compressed and condensed. The heat of
condensation is rejected to the oil which then returns to the evaporator inlet to
complete the cycle.
The circulating oil carries off the urine solids from the evaporator and the heat
transfer area and gives them up to a filtration system within the oil loop. Thus,
removal of solids from the system can be accomplished simply and directly by
changing the filter media periodically, rather than by cleaning the evaporator as
has been recommended for other vapor compression approaches. Tests in Hamilton
Standard's research laboratory illustrate that the oil will act as a washing solution
and remove the scale from the evaporator. The urine inlet nozzle feasibility has
been demonstrated using research equipment but no prototype test work has been
accomplished.
A potential replacement for the circulating oil loop is raw urine itself. This ex-
change should reduce system weight substantially by eliminating the complexities of
dual fluids. In this case, a portion of the raw urine would be circulated through the
system to provide the transport media for the evaporated urine and the urine con-
taminants. This concept has not been established sufficiently to allow its recom-
mendation at this point in time.
Results
The anlaysis of the oil jet system and of vapor compression in general is simplified
during initial calculations by the establishment of Figure 8-27. This figure illustrates
the compressor power requirements as a function of condenser saturation tempera-
ture. This figure allows a rapid initial determination of the power penalty for the
system when the operating temperatures are established.
Figure 8-28 illustrates the fixed weight variation of the oil jet system as a function
of the urine process rate. The power requirements are illustrated by Figure 8-29.
The design point case of six men or 20, 8 lbs. of urine per day requires approximately
46 watts for total system operation, which is a reasonable figure for this type of
equipment.
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8.6. 3 (Continued)
To illustrate the overall system penalties as a function of the urine process rate
(crew size) Figures 8-30 and 8-31 have been prepared. Figure 8-30 presents this
comparison as equivalent weight against urine process rate for a 420 day mission
and Figure 8-31 shows equivalent weight against mission duration over the range of
interest. It should be mentioned again that the expendable penalties are for pre- and
post-treatment chemicals alone, and do not include packaging requirements.
OIL JET URINE RECLAMATION
EQUIVALENT WEIGHT VS MISSION DURATION
0 100 Z00 3O0
MISSION DURATION -- DAYS
400
FIGURE 8 -- 31
8.6.4 Conclusions
The oil jet urine reclamation system is attractive due to the simplification of the
evaporator scale removal problem and its high urine reclamation efficiency which
approaches 100%. These two factors are desirable in any water reclamation system
and make this approach worthy of consideration upon initial evaluation.
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8.7.1
Many problems exist, however, in development of a system of this type. The most
significant is the design of the condenser for zero "g" operation. If a condenser
were available with an operating effectiveness in the order of those utilized in
aircraft systems, power requirements for this approach could be reduced in the
order of 14%. Hamilton Standard has run considerable test evaluations of zero
"g" condensers in the past, but condenser effectiveness has not reached the
standards known in previous aircraft equipment. Thus, effectiveness utilized in
this analysis had to be a reasonable estimate rather than that which could be reached
by extensive and exhaustive development testing. The condenser is the major
unattractive point of the system application.
Other areas of concern in design of a system of this type are potential clogging of
the pitot pump which could foul system operation and extensive problems in start-
up. The start-up requires a lengthy check list and established procedure for ac-
curate system operation.
In summary, the system cannot be Considered fully competitive at this time and
although its weight, power, and expendable requirements are attractive, other
systems with similar or better requirements for the same range of interest which
also exhibit a more advanced development status tend to eliminate this system from
further consideration.
Vacuum Distillation
Introduction and Data Source
The investigation of vacuum distillation as a potential means of water reclamation
for the Mars Mission utilized an approach developed by the General Electric Co.
known as a vapor pyrolysis. This approach utilizes the addition of a high temper-
ature catalyst to a more conventional vacuum distillation system.
The primary sources of data for this analysis are U. S. Air Force Technical
Documentary Report No. AMRL-TDR-63-32 and General Electric Report R62SD39.
The former is primarily concerned with General Electricfs test work on the ELF
water reclamation system previously discussed, however, recent estimates of
weight and power associated with vacuum pyrolysis are also presented. The second
reference is a study of the purification of water from biological waste, which
describes the system approach in more detail. Vacuum distillation is a potentially
attractive method due to the lack of major moving parts in the system application.
For this reason, it was investigated as a part of the study program.
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8.7.2 System Description
Figure 8-32 presents a simplified schematic of the vapor pyrolysis system analyzed
for this study. The system has three primary components: the urine boiler, the
catalyst and the condenser. The urine is vaporized in the boiler and the vapor
passed over the catalyst which is at a temperature of approximately 1000 ° centi-
grade. The catalyst oxidizes the trace gas contaminants present in the vapor and
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they are eliminated from the system by venting to space vacuum. The vapor itself
is condensed and the condensate drawn off to water storage. The distillation is
carried out at low pressure and temperature (1.10 psi and 105°F). The exhaust
to space vacuum maintains the desired low pressure so that the vapor boils at
105°F and the catalyst is utilized to destroy any carry-over contaminants including
bacteria in the vapor. A potential disadvantage of this method of achieving the
operating pressure is that some air or oxygen is lost in the process of oxidation
of the potential contaminants as well as during the venting to space. These,
however, are the primary expendable requirements associated with the system.
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The major problem with the design of this particular approach is its dependency
upon a highly effective zero "g" condenser. This problem, the same found in the
oil jet evaporator system, may reduce performance expectancy of the present system
in terms of weight and power. Present recovery percentage is about 90% of the
water in the urine which is low in comparison to other system approaches.
Results and Conclusions
The initial analysis of the vapor pyrolysis system coupled with the small amount of
research work eliminated it as a potential candidate system for the Mars Mission.
Present work in this area has not progressed much past the initial research stage
in test equipment, thus, estimates of weight and power cannot be accurately pre-
dicted. The General Electric report on the subject assumes that the condenser will
be developed as the result of other space usage requirements and their efforts in
solution of this problem have not been applied to any great degree. The advanced
development stages of the other systems in comparison with this approach makes
vacuum distillation not particularly attractive at this time. For this reason, no
effort was made to do a theoretical analysis on system performance or to provide
weight and power estimates.
The major advantage of this system is the minimization of expendables which makes
its development for a long term mission such as the Mars Mission an area worth
investigation prior to final system design. The elimination of major moving parts
such as a compressor fan, or internal water pumps increases inherent reliability
of the system as indicated by the simplicity of the schematic. However, the dis-
advantages inherent in the system far outnumber the potential advantages to be gained
by its utilization.
As in the case with vapor compression systems, the evaporative area must be
provided with some method of scale removal to assure adequate heat transfer
capacity during extended operation. No method of scale removal or plastic liner
similar to the vapor compression approach seems to have been investigated at this
time. The previously mentioned zero "g" condenser problem is also a develop-
ment problem which must be solved prior to utilization of vapor pyrolysis. Another
major problem area is a requirement for separation of the vapor and liquid prior
to the catalyst bed to prevent the liquid entering the catalyst. This could probably
be accomplished by the use of membranes or by spinning part of the apparatus but
would result in increased system complexity. Finally, the vapor flow to the catalyst
and the catalyst operating temperature might prove to be a control problem not
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presently anticipated. The laboratory testing to-date has indicated that if the
reaction temperature is too low, the pH of the product water becomes unacceptably
high. Thus, the power input to the catalyst would have to be closely controlled as
would be the vapor flow across the catalyst.
Due to the lack of accurate answers to many of these questions, as well as the
limited testing performed on the system to-date, this approach was not deemed
desirable and will not be considered during system integration. However, it is an
area in which future development effort could be devoted.
Freezing
Introduction and Data Source
Some investigation was made into the possibility of recovering potable water from
urine by freezing. When contaminated water is frozen, the ice crystals which
precipitate will be relatively pure water. There are various methods of recovering
this water and three of them are discussed here, freeze crystallization, reiterative
freezing and freeze sublimation.
The following documents were used as references for this study.
WADC Technical Report 60-243 by Wallman and Barnett; Office of Saline Water,
Progress Report No. 7 by Rose and Hoover; and Journal of American Rocket
Society, December 1962 by Hendel were used for freeze crystallization.
The Transactions of the Seventh Symposium on Ballistic Missile and Space
Technology by J. Beutel was used as reference for reiterative freezing.
Journal of the American Rocket Society, December 1962 by Hendel, and "Water
Reclamation Systems Study for Manned Orbital Space Vehicles" by Ionics Inc. were
used as reference for freeze sublimation.
System Description
(a) Freeze Crystallization. This method is a change of phase process, liquid to
solid, and is simply the freezing of ice crystals in urine, extraction of the crystals
and remelting. The chief obstacle appears to be that "mother liquor" adheres to
the ice crystals produced and is trapped between aggregates of fine crystals.
This means that the dissolved product water contains a high percentage of im-
purities. To overcome this, the freezing process can be repeated to successively
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reduce the concentration of contaminants, or the ice crystals can be washed with
pure water prior to melting and the wash water itself purified by freezing. It has
been estimated by Wallman and Barnett (WADC Tech Report 60-243) that when
processing urine, at least three stages of freezing would be required to produce
a potable product water with a concentration of solids no greater than 500 ppm.
As further evidence of the difficulty of separating pure ice crystals from the con-
centrated liquid, Rose and Hoover (O. S.W. Progress Report No. 7) made the
following comment:
"Ice made from a saline solution always consists of crystals Of minute size, and a
mass of such crystals necessarily retains in its interstices a comparatively great
volume of mother liquor which cannot be separated by ordinary draining, filtering,
centrifuging or washing. "
It will be difficult to obtain high yields with this type of process. It has been re-
ported by Hendel (Journal ARS, December 1962) that approximately 75% of the
water can be recovered from urine by this means. For an extended mission, this
is not satisfactory recovery.
(b) Reiterative Freezing. The water recovery process using reiterative freezing
has been investigated and described by J. Beutel (Transaction of the Seventh
Symposium on Ballistic Missile and Space Technology).
In the reiterative freezing process, a column of urine is slowly frozen with the
solid to liquid interface starting at one end and proceeding along the axis of the
cylinder. Since the solubility of the solute is lower in the solid phase than in the
liquid phase, a concentration gradient is established along the axis of the tube.
This process can be repeated by slowly moving a heating element along the axis
of the tube. This causes a molten zone to slowly proceed along the axis, and with
each cycle, the solute becomes more concentrated in the direction of motion of the
molten zone. When this cycle has been repeated a sufficient number of times, the
desired purification will have been attained at the first end of the cylinder. This
ice may then be separated and melted in order to produce potable water.
The major disadvantage of this process is the large number of cycles required.
The experimental work showed that 13 to 15 freezing cycles were needed to produce
water with a purity of 400 PPM. This of course will result in a large expenditure
of energy as well as time. The process may be exceedingly slow since the ex-
perimental freezing rates were 10 -3 to 5 x 10 -5 cm/sec. Such a slow processing
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rate would result in equipment too large and heavy for a space vehicle.
The maximum yield mentioned in the experimental report was 80% and this is low
for an extended space mission. Although the reiterative process reduced the
bacteria count in the processed water, some additional post-treatment would still
be required to achieve fully potable water.
(c) Freeze Sublimation. Freeze sublimation or freeze drying is a phase change
process from solid to vapor. It can be used to recover water from urine by freezing
and then subliming off the water vapor. This requires operation below the triple
point which is 3 mm Hg and 200F for urine. The vapor is condensed out as pure
water.
This system can recover 80% of the available water according to Hendel (Journal
ARS, December 1962). Other authors have reported even higher recoveries
(Ionics - Water Reclamation Systems Study for Manned Orbited Space Vehicles).
The product water is of high quality.
The chief disadvantage of this process is its size due to the low operating pressure
of 3 mm Hg and to the large area of space radiator required to reject the condenser
heat at 200F. It has been estimated that the required heat of sublimation can be
readily obtained from cabin waste heat but there will be a requirement for precise
thermal control to supply only the exact quantity of heat required for sublimation.
Since the condenser must operate in zero "g" there will have to be some means of
directing the vapor flow to the cooling surface and then removing the pure water
crystals.
When the water vapor is sublimed from the frozen urine, the residue will be left
behind as a dry solid. This may present problems of heat transfer on the
evaporator surfaces.
Results and Conclusions
Due to a lack of quantitative data no attempt has been made to size a freezing type
water recovery system for a space vehicle. From the qualitative discussions
above, however, it does not appear that freezing is a competitive or attractive
method for water recovery.
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Foremost among the disadvantages are the relatively poor recovery and the large
size of the systems that would be required. In addition, it appears that the develop-
ment status of these systems is poor. For these reasons it is not recommended
that further consideration be given to freezing methods for water reclamation.
8.9
8.9.1
8.9.2
Chemical Treatments
Introduction and Data Source
This section discusses the removal of detergent from wash water by filtration
through anionic resins. The only information on this subject was provided in
phone calls to Rohm and Haas, and Winthrop Laboratories, manufacturers of anionic
resins.
Discussion and Conclusions
An attempt was made to find chemical treatments of a general type that would be
useful in reclaiming water. Nothing was found that would be suitable for urine
processing, but it appeared that anionic resins might be very useful in reclaiming
wash water.
Wash water, while technically contaminated, is very dilute, especially if generous
quantities have been used for washing. It was felt that used wash water could be
made suitable for drinking if the detergent or soap could be removed. If a deter-
gent of the type such as "Phisohex" is used for washing, it could probably be re-
moved by filtration through an anionic resin.
At the present time no specific resin has been developed for this purpose, but the
two vendors listed above were optimistic that the required resins could be made.
In order to limit the amount of resin required to the minimum value, it will be
necessary to use a specific resin with a specific detergent. Anionic resins have a
capacity for removing contaminants on the basis of one to two milliequivalents of
contaminant per ml of resin. Since the synthetic detergent such as "Phisohex"
possesses an extremely large molecule, the weight of resin required for removal
is quite modest.
Although no resins have been developed for the specific removal of "Phisohex," it
is understood that research work is being carried out for the removal of household
detergents from municipal water supplies.
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In conclusion it can be said that the removal of detergents from wash water by
anionic resins is a process that looks attractive due to simplicity and low expendable
weight. Since suitable resins are not available at this time further development
should be encouraged.
Comparative Discussion of Urine Processing
To summarize the discussion of urine reclamation systems, the primary parameters
for each of the systems have been plotted in this section to provide ready compara-
tive data on all of the systems, dependent upon the actual specification requirements
being considered. Figure 8-33 presents the comparison of system fixed weight as a
function of the urine process rate. Reference to this figure indicates that the most
attractive system from a fixed weight basis, is the air evaporation approach with
the electrodialysis system a close competitor. Air evaporation, as mentioned in the
discussion of that particular approach, is based on an estimate of final system oper-
ating temperature levels. However, it should not change appreciably from this point
in fixed weight determination for other operating temperature levels, and thus can be
considered the lightest potential fixed weight system for water reclamation. The
differences between the four lower systems, the oil jet evaporator, vapor compress-
ion, electrodialysis and air evaporation is not of enough significance to rule out any
candidate if fixed weight is an important parameter.
Figure 8-34 illustrates the input power requirements for each of the systems as a
function of the urine process rate. In this case, the air evaporation approach offers
the minimum power requirement of all systems investigated. The electrodialysis,
vapor compression, and oil jet evaporator systems are also quite competitive from
a power requirement point of view. Although the higher power of the oil jet evapo-
rator approach coupled with its development status may not make it as attractive
as the other applications, the difference between air evaporation and vapor compress-
ion is primarily due to the zero "g" condenser problems mentioned in the detail
discussion and could be improved.
This summary comparison makes apparent the extremely high power requirement
of the ELF system. If the weight penalty for power is not extremely low, this would
make the ELF system completely uncompetitive.
In a similar fashion, Figure 8-35 shows the system expendable weights against
process rate. This indicates that the expendable rate for electrodialysis is ex-
tremely high due to the great quantities of charcoal required for the removal of
urea. This would appear to make electrodialysis uncompetitive unless substantial
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regeneration of charcoal could be achieved. Curve F shows that to be competitive,
the regeneration would need to reduce the charcoal requirements by two thirds.
A the present time, this is not considered feasible and may be extremely difficult
to achieve.
The data from these three figures have been combined in Figures 8-36 and 8-37 to
show equivalent weight against process rate and mission duration, respectively.
For this comparison, a power penalty of 500 lb/KW has been used.
Both of these figures show that the ELF system and electrodialysis without charcoal
regeneration are uncompetitive on an equivalent weight basis.
At the main point of interest for this study, a six man crew for 420 days, four
systems are competitive on a weight basis; air evaporation, vapor compression,
oil jet and electrodialysis with charcoal regeneration. The oil jet system is not
recommended at this time due to the complexity and poor development status, and
the electrodialysis is not recommended due to the unresolved problem of charcoal
regeneration.
Thus, air evaporation and vapor compression are considered worthy of further
study and are of interest in the system integration phase. One point must be
restated in this particular application and that is the philosophy of equivalent weight
determination. In the discussion of urine reclamation alone, no penalties have been
attached to any system for a reclamation efficiency of less than 100%. This was
based on the decision that for initial analysis, a system would be considered satis-
factory if its reclamation efficiency was sufficient to balance the metabolic water
requirements of the crew. In cases where a use is found for this excess water such
as with an electrolysis cell to make up a portion of the oxygen requirements, the
higher reclamation efficiency systems will become more attractive and relative
penalties must be established. With this in mind a final curve, Figure 8-38, was
prepared to show the weight of water that was not recovered from urine for each of
the systems studied. For a short mission of a few weeks the unrecovered water
from an inefficient system is not of much consequence, but when the mission extends
to 420 days, the unrecovered water amounts to a few hundred pounds and warrants
serious consideration for alternate use beyond the metabolic requirements.
Comparative Discussion of Wash Water
Introduction
On a long duration mission such as the journey to and from Mars, consideration
must be given to the provision of bathing for the crew and to reclamation of the
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used wash water. It was considered desirable to reclaim the water to a potable
level in order to provide the maximum reliability to the overall water supply system.
At this time the optimum quantity of wash water to be used by each astronaut has not
been established. For this reason wash water processing was examined for two
different use rates, 14 and 40 lb. per man day. The contaminants present in used
wash water were assumed to be that specified in the NASA Life Sciences Data Book,
.00704 lb. of material removed from the body per man day. It was also assumed
that a synthetic detergent such as "Phisohex" would be used for skin cleaning.
Three fundamental water processing methods were evaluated for wash water
recovery: liquid to vapor phase change, electrodialysis and ionic resin filtration.
A total of five variations and combinations of these methods were considered.
A. Air Evaporation Closed Loop
B. Air Evaporation Open Loop
C. Vapor Compression
D. Electrodialysis
E. Electrodialysis with Charcoal Regeneration
The ionic resin filtration was used only in conjunction with methods A, B, and C
above when the water use rate was 40 lb. per man day. This resin was used as
discussed in Section 8.9 to remove the detergent used for skin cleaning. When 40
lbs. of water per man day was used, only 14 lbs. was processed by method A, B
or C and the remaining 26 lbs. was filtered through the ionic resin. With the
contaminant rate specified earlier of. 00704 lb. per man day, if 14 lb. was com-
pletely processed in a phase change process the remaining 26 lb. would have a
contaminant level less than 500 ppm. If the detergent was removed by an anionic
resin, then the water could be considered suitable for consumption. It was felt
that this approach which combined Methods A, B or C with ionic resin filtration
for reclaiming wash water would result in the lowest overall weight when the use
rate was 40 lb. per man day.
This approach was not employed with electrodialysis however, and all the wash
water was passed through the stack whether the use rate was 14 or 40 lb. per
man day.
System Description
Air Evaporation - Air evaporation was evaluated for wash water reclamation due
to its simplicity and low power and weight. Since wash water has a very low level
8-46
"HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT SLS 414-2
8.11.2 (Continued)
8.11.3
of contaminants with almost negligible odor, it was considered feasible to reduce
the overall weight and power by employing an "open loop" air evaporation system.
This system has already been described under the appropriate urine reclamation
section. For the sake of comparison, both open and closed loop systems have been
evaluated in the following section, 8.11.3.
These systems have been sized to process wash water at the usage rates of 14 lb.
per man day. If the higher usage rate of 40 lb. per man day is desired, it is pro-
posed that the air evaporation be combined with an anionic resin filtration to avoid
an excessive increase in size of the distillation unit. In this case the used water
supply would be divided into two parallel streams with the first, of 14 lb. per day
per man being processed by air evaporation, and the remainder, of 26 lb. per day
per man being processed by ionic filtration.
Vapor Compression - A Vapor Compression system was also considered for wash
water reclamation. This was done in a similar manner to the air evaporation
method in that the basic system was sized to handle a usage rate of 14 lb. per man
day, and then combined with an ionic resin treatment for a total 40 lb. per man
day usage rate.
Electrodialysis - For the recovery of wash water, electrodialysis was considered
a promising system due to its low fixed weight and power consumption. When used
with wash water, which is fairly dilute in terms of contamination, the electro-
dialysis stack will only run as long as required to maintain a predetermined level
of salinity and will be monitored by a conductivity probe. The system will be
similar to that proposed for urine reclamation but due to the nature of the used
water, it will be designed to achieve complete reclamation with a single pass through
the stack.
Results
The following set of curves present the system weights as a function of process
rate and mission duration. Figures 8-39 to 8-43 are applicable where the water
use rate is to be 14 lb. per man day. The actual use rate is significant as well as
the process rate because the amount of expendables used is a function of the con-
taminant or the dirt removed from the skin rather than the amount of water used.
The set of curves Figures 8-44 to 8-48 are applicable where the water use rate is
40 lb. per man day. These equivalent weight curves represent the air evaporation
and vapor compression systems combined with ionic resin filtration.
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It can be seen from Figure 8-47 and 8-48 that electrodialysis is too heavy when
used without charcoal regeneration, but is very competitive if charcoal regeneration
is considered. As has been mentioned in connection with urine systems, however,
the successful regeneration of charcoal may present formidable problems.
Vapor compression presents a high equivalent weight due to the relatively high fixed
weight of the system.
It can be seen from the equivalent weight summaries, 8-42, 43, 47 and 48, that air
evaporation is very competitive on a weight basis, especially when the open loop
arrangement is employed.
As a conclusion from these comparisons, it is recommended that efforts be continued
to further develop an open loop air evaporation system for the recovery of wash
water.
Humidity Water Reclamation
The humidity control system constantly removes water from the cabin atmosphere
in order to maintain a comfortable relative humidity. The actual mechanics of this
water removal are described under the section on humidity control.
It can be seen from examination of the water requirements that humidity water is
needed to complete the metabolic balance. This section considers the treatment
of this water.
It is anticipated that humidity water will be basically pure with a minimum of
processing required. The environmental control system will contain a contaminant
control subsystem to purify the atmosphere which should inhibit the build up of con-
taminants in the humidity water.
Humidity water treatment should consist of filtration for particulate removal and
filtration through charcoal and ion exchange resins for control of odor and taste.
At this time, there is no certainty concerning the condition of water recovered from
a humidity control system due to the large number of variables involved. There is
a need for more experimental evidence from simulated space capsule operation to
verify the exact water processing requirements. Tests of water recovered from the
humidity control system of a "clean room" at Hamilton Standard showed that it was
potable with no bacteria, low solids content, and very slight odor.
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8.13.2.3
Potability Testing of Water
Introduction
A complete water management system must include an inspection process to
guarantee that the recovered water is potable. If a contaminant is detected, the
faulty subsystem will be isolated and repaired and the contaminated water can
then be reprocessed.
General Testing
The testing proposed here covers general methods that would be considered suit-
able for any water recovery system. The spacecraft environment is basically
clean without many of the contaminants that would be found on earth.
Water potability testing would include the following contaminant areas:
1. Salts, minerals and other inorganic compounds.
2. Non-living organic materials.
3. Bacteria, fungus or mold.
The anticipated sources of contamination are carryover of raw urine from the
urine processing system or failure of charcoal filters due to overloading.
Tests for Inorganic Materials
A sample of the recovered water will be tested with a conductivity cell. This will
be capable of detecting ionic constituents down to 3 ppm. Through careful attention
to material selection in the space cabin design, it should be possible to eliminate
substances that would be harmful in concentrations below 3 ppm.
Tests for Non-Living Organic Materials
A sample of water would be evaporated and the residue heated with oxygen. The
exhaust gas could then be examined for the presence of carbon dioxide.
Tests for Bacteria, Fungus or Mold
If it is considered undesirable to spend the time required to grow culture, a direct
examination for bacteria is possible. A sample would be passed through a millipore
filter and the residue treated with a bacterial stain. This would be examined under
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a microscope and a bacterial count carried out. If, however, a positive identifi-
cation of bacterial types is required, then a culture must be grown over a twenty-
four hour period or longer.
Bacterial Control by Hot Storage
It is proposed that the water management system include hot storage as a final
means of bacterial control. The water used for food preparation, warm drinks
and bathing will require heating before use, so it is proposed that all water storage
tanks be maintained at 140 to 160°F. At this temperature, non-sporulating types
such as enteric or coliform bacteria would be killed and any remaining spore types
such as bacillus would be greatly inhibited. In addition, water boils at 177°F in a
7.0 psia atmosphere; therefore, to provide a margin of safety 160°F was selected
as the maximum storage temperature.
In tests at Hamilton Standard, pure potable water was first exposed to the atmos-
phere until air-born bacteria had raised the bacteria count to a high level. Then
the water was heated to various temperatures (170, 165 and 140°F) for varying
periods of time up to four weeks. At 165°F the bacteria counts made were all zero
per ml, whereas at the lower temperature (140°F), a maximum count of 40 per
ml was obtained. For comparison purposes: Grade "A" milk has a maximum
bacteria count of 30,000 per ml and certified milk has a maximum count of 500 per
ml. Consequently, even the lower temperature processing is an order of magnitude
lower than the most stringent requirements for milk. In addition, this water was
fed to a primate for a period of 60 days with no ill effects. From the results of
these tests, the lower temperature limit of hot water storage was selected at 140°F.
Because of the effectiveness of hot storage in maintaining bacteria free water, it is
recommended as part of the water management system.
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WASTE MANAGEME NT
Introduction
The subsystem survey of waste management was concerned primarily with treatment
and processing of feces although many other items must be considered when a better
overall vehicle waste analysis is available. Other items such as paper, food wastes,
other personal wastes and equipment waste are not well defined at this phase of the
Mar's mission analysis. The waste materials present two basic problems in a closed
environment. Primarily, the potential presence of pathogenic organisms which could
be detrimental to crew health must be considered and secondly, any water trapped in
the wastes should be recovered if possible. This discussion will concern itself with
fecal processing since it presents the most severe technical problem due to the high
bacteria content.
Processing
General
Four general methods of feces processing were considered in this study.
1. Storage
a. Simple storage
b. Storage preceded by germicide treatment
2. Distillation and Pyrolysis
3. Incineration
4. Microbiological Treatment
Methods 2, 3, and 4 result in recovery of the fecal water while Method 1 does not.
The study was based on the assumption that fecal production rate was 0.50 lb./man
day of which 0.33 lb. was water. Briefly, this means that 6 men on a 420 day
mission would produce 1260 lb. of feces containing 840 lbs. of water.
Processing Without Water Recovery
Storage
A brief review Showed that mere collection and storage of untreated feces was un-
acceptable for the following reasons:
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a) The feces contain pathogenic bacteria that would multiply rapidly at normal
room temperature and the presence of such material on the spacecraft would
constitute an unacceptable hazard to the health and safety of the crew.
b) It has been estimated that untreated feces w_ll generate 5 ml STP of gases per
gram. Since some of these gases are extremely unpleasant or odorous a
storage system would have to be pressurized and leakproof or the system would
have to be carefully designed to vent to the contaminant control equipment.
c) The containers and storage system would have to be strong enough to resist
any possibility of bursting under conditions of rapid cabin depressurization.
d) If any failure of the containers should occur such as burst or leakage, the con-
taminated matter could be spread throughout the space cabin.
Storage with Germicide Treatment
The most straight forward treatment deemed suitable for space flight is simple
storage of the feces following thorough mixing with a germicide, This system has
many advantages in simplicity and safety. By virtue of chemical treatment immedi-
ately after collection there is minimum danger from pathogenic organisms. The
following is quoted from reference 7:
"Most important is the fail-safe potential of a chemical system. Once the waste
materials are properly treated with an effective broad-spectrum antimicrobichemical,
they cannot putrefy regardless of what happens to the equipment. Aseptic storage
would be unnecessary since any contaminating organisms that enter the stored waste
would be killed or inhibited by the chemical contained in the waste".
The chemicals suitable for bacterial treatment fall into two classes, gas and liquid.
The use of gas, such as ethylene oxide, is rejected for safety reasons. Any leaks
due to failures of any sort would introduce these gases directly into the cabin
atmosphere. It has been stated that "Use of sterilizing gases would probably result
in greater hazards than those from putrefaction, as an equipment failure in a closed
system could prove fatal to the astronauts. "
A very suitable chemical preservative is Weladyne, prepared by West Chemical
Products, Inc. This is a type known as iodophor, consisting of a complex formed
by attachment of iodine to large, surface active organic molecules. This provides
positive killing action against all types of bacteria including spores. It has been
estimated that if the germicide is used in a concentrated form, a weight equivalent
to 2% of the weight of feces will be sufficient.
9-2
HAMILTON STANDARD
DIVISION OF" UNITED AIRCRAFT SLS 414-2
9.2.2.2 (Continued)
An important aspect of the disinfecting of feces is the method of mixing with the
germicide. For very short duration missions, the feces could be collected in
plastic bags, sealed and manually kneaded to thoroughly mix the disinfectant
chemical. However, this process would be too tedious to repeat regularly during
a long mission and some forms of mechanical mixing must be developed. There are
a variety of methods that might be used and development of a suitable device is
one element in this system that requires further work. Some possible methods
are discussed below.
The feces could be placed in a flexibleplastic container and the contents kneaded
by an external mechanical device. In this approach, a mechanical "kneading
machine" merely replaces and duplicates the action performed by the astronaut
on a short mission. The next most obvious approach is to use direct mechanical
mixing. In a number of studies, a device resembling a household blender has been
recommended. In a report by General Electric, they have tested devices resem-
bling blenders, household meat grinders with screw feed, and centrifugal impellers
that force the waste matter through screens. In many industrial processes, mixing
of semi-solid substances is required and some adaptation of these methods to
miniaturized space hardware should be possible. One possible example is the bread
making machines used for kneading dough. Another process that has considerable
simplicity is the shaker used to mix paint when a tube of color is added to a base.
It might be possible to collectthe feces in a can, add germicides, seal the can lid
and simply shake for a specific time period.
A suitable device for mixing germicide should be obtainable at a weight no greater
than eight pounds. One factor which will aid the distribution of a chemical in liquid
form is the fact that in zero "g", capillary forces become more significantthan
they are on earth, and this will increase the tendency for the germicide to diffuse
throughout the feces.
The feces would be stored in small containers after the addition of germicide. These
would have some form of sealing, probably a screw top and would be strong enough
to withstand 7 psi pressure differential in case the cabin became depressurized.
If manufactured of aluminum or plastic, the wall thickness would be determined by
stiffness requirements for handling rather than bursting strength. Suitable con-
tainers would probably weigh less than 10% of the weight of feces contained.
A final method of treating feces is to store the waste in the frozen form. Without
germicide treatment, however, this is not sufficiently safe, for any subsequent
failure of the refrigeration system would render the waste susceptible to putrefac-
tion. If germicide is added, the same system and expendables are required as for
the system previously described, and the weight and power required for freezing
have to be paid for without substantial additional benefit.
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9.2.3
9.2.3.1
processing of Feces with Water Removal
The next approach to feces control is to consider processes that remove and recover
the water which accounts for approximately two thirds of the total weight.
The primary consideration here is whether or not the recovered water can be consi-
dered fit for use. If it is not to be used but merely allowed to leak overboard from a
feces drying system there is not much advantage to be obtained over the simple storage
and germicide system described previously. If the reclaimed water is not to be used
the original capsule take-off weight is the same whether the feces is stored wet or dry.
Since the wet processed feces will occupy less volume than that originally required for
food, the additional volume attained by drying of the feces is not of great consequence.
Once a space capsule is in orbit any small weight reduction achieved by ejecting fecal
water overboard is of very small benefit and hardly worth the energy required to ex-
tract the water.
However due to the length of the mission the total weight of fecal water produced is
840 pounds and as such, very serious consideration must be given to any possible
method of reclamation for use on the space capsule.
While it is recognized that there are serious technical and aesthetic problems to the
use of fecal water for human consumption there is a possible alternative to wasting
840 lbs. of water. This is to reclaim the fecal water and use it in an electrolysis
cell to produce oxygen.
If the cabin leakage on the Mars Mission Module is at the maximum allowable value of
0.1 lb./hr, then the total mission atmosphere loss will require approximately 500 lbs.
of oxygen for make-up and this could well be supplied through electrolysis of fecal
water. While the technical problems of odor removal and sterilization would still be
severe the aesthetic objections to the use of fecal water would be largely overcome.
As a consequence of this possible water use, consideration is given to the processing
of feces to recover sterile water. The following methods have been considered.
Distillation and Pyrolysis
The moisture content of feces can be reclaimed by applying heat in a distillation pro-
cess. The water distillate has been found to contain a distinct fecal odor and is there-
fore directed to a pyrolysis cell where passage over a catalyst bed at 1850°F has been
found effective for destroying all bacteria and eliminating any odors. Figure 9-1 shows
the schematic of a proposed water recovery system. A regenerative heat exchanger is
located between the distillate chamber and pyrolysis unit to minimize the required input
power. The pyrolysis cell effluent vapor is cooled by the regenerative heat exchanger
and then directed to the condenser. After being condensed the water is held in a
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storage tank until required by the electrolysis cell. The electrolysis cell can
operate at or near cabin pressure and can produce make-up oxygen on demand.
Figure 9-2 shows the fixed weight and total equivalent weight for various power
penalties as a function of crew capacity and is based on the production shown in
Figure 9-4. The required input power,which includes heating for distillation,
pyrolysis and make up for leakage, is shown in Figure 9-3. A trade-off was per-
formed between insulation weight and heat leakage equivalent weight penalty using
Johns-Manville MINK 503 superinsulation. No penalty has been charged for
cooling (vapor condensation) since the penalty is determined by the heat sink
performance characteristics which require a system integration analysis for def-
inition. The required amount of cooling is equal to that of the power input.
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WATER RECOVERY SYSTEM
r
HOT FLUID
OUT IN
:_ ii.'.'..:..
PRODUCT
-I
------_IsENSORTEMP. I I _/PYROLYSIS
? / CE--
U ..... /
li_i_!_i_!_!_iljiiiiiiiiiii.......................iiiiii!!
TO CONDENSER
FIGURE 9--I
9-5
HAM ILTON STANDARD
DIVISION OF UNITED AIRCRAFT
FECES WATER RECLAMATION SYSTEM
TOTAL EQUIVALENT WEIGHT VS CREW CAPACITY
7O
ffl
I-
I-
<
£
w
0
o.
J
O
0 2 3 4
9O
8O
7O
5O
4O
3O
20_
6
2
/
/
/
_f
/
E
f
5 6 7 8
NUMBER OF MEN
FIGURE 9-2
FECES WATER RECLAMATION SYSTEM
POWER VS CREW CAPACITY
/
.,f
/"
/
J
/
f
f
/"
./
J
/
6 7
NUMBER OF MEN
FIGURE 9-3
9 10 I1 12
/"
I
I
J/
/ I
I
I
I
I
I
I
I
I
I
8 9 10 I1 12
9-6
HAM ILTON STANDARD
DIVIIION OP" UNITED AIRCRAFT
WASTE WEIGHT VS MISSION DURATION
3OO
100 200 300 400
MISSION DURATION, DAYS
FIGURE 9-4
WASTE INCINERATOR
VOLUME SAVING VS MISSION DURATION
5.0
4.0
Z
<
I--
h 3.0
I
bJ
:E
--I
J
>0 2.0
1.0
1O0 2OO
MISSION DURATION DAYS
FIGURE 9--5
300 400 i
9-7
HAMILTON STANDARD S'I'_S414-2
olvislo, o_ UNWTEDAIRCRAFT
9.2.3.2 Incineration
9.2.3.3
Upon dehydration, the product residue can be incinerated if further reduction in
waste products is desired. Incineration can be accomplished by admitting a con-
trolled flow of oxygen which is regeneratively pre-heated by effluent products of
combustion. The carbon and hydrogen present in the waste are oxidized to carbon
dioxide and water vapor respectively. In order to provide efficient operation, the
oxygen containing products of reaction are directed to reduction units where the
oxygen is reclaimed for subsequent re-cycling to the incinerator. Analysis was
performed for incineration of the dry waste products depicted graphically in Figure
9-4 as a function of mission duration. The total equivalent weight of an incinera-
tion system is shown in Figure 9-5 and includes the weight and power for the in-
cinerator plus the products of combustion control systems along with the oxygen
recovery system. Complete combustion has been assumed in the calculations.
This has been found to occur during tests reported by MRD in "Waste Disposal for
Aerospace Missions". The equivalent weight penalty is shown as directly propor-
tional to crew capacity. Although a slight deviation from direct proportionality
does exist, it was felt to be insignificantly small. Also shown on the curve is the
volume saving as a function of mission duration which allows a trade-off between
volume and total equivalent weight. It is noted that any volume saving requires
a large amount of power and weight.
The possibility of incinerating in a closed non-flow volume was reviewed. Opera-
tion would be similar to that used in bomb calorimeter tests. Advantages wouldbe
the reduction of any danger of undesirable gaseous carryover as well as elimina-
tion of controls necessary for monitoring flow to the open incinerator system.
However, it is felt these are outweighed by the disadvantages connected with a
closed system. That is, the system must be operated at very high pressures with
less control of the combustion process. In addition a regenerable heat input can no
longer be used to minimize input power. Oxygen reclaimed from the combustion
products would have to be pumped up to a high pressure for admittance to the com-
bustion chamber.
Microbiological Treatment of Waste Products
Another method of handling waste products utilizes biological processes whereby
organic waste compounds are used up by biota in supporting microbial metabolism
either in the presence (aerobic biota) or absence (anaerobic biota) of free oxygen.
The aerobic process is relatively rapid and produces end products (mostly CO2)
which are not noxious and do not support pathogens (virus). The anaerobic systems
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eliminate the oxygen supply requirement since oxygen necessary for metabolism is
derived from compounds in the waste. However, the waste digestion process is
slow and results in such noxious gases as hydrogen sulfide, carbon monoxide, and
pyrimidines. The main digestor gases are methane and carbon dioxide. Pathogens
do tend tothrive in this type environment. For these reasons the aerobic process
appears to be the more attractive of the two biological processes. There is sub-
stantialevidence that only a few of the necessary aerobic biota required to handle
a broad spectrum of waste products are found in human discharges such as feces,
perspiration and urine. It has been stated in "Microbiological Waste Treatment
Processes in a Closed Ecology" thatboth replacement and replenishment would
probably be required in a workable biological system. Mixed biota cultures would
be carried in the frozen state untilrequired.
The development status of aerospace equipment employing microbiological processes
for waste disposal is relativelyweak, and good quantitativeperformance characteris-
tics are not available.
However, based on processes explored in the laboratory, the following numbers are
offered indicating the minimum predicted power associated with the various processing
equipment as defined in "Microbiological Waste Treatment Processes in a Closed
Ecology".
Process Power (watts/man) Volume (ft3/man)
Aerobic
Activated Sludge 1000 2
Trickling Filter 200 .7
Anaerobic
Mesophilic Digestion (20°C to 43°C) 100
Thermophilic Digestion (43°C to 56°C) 200
.4
.4
In lieu of the large penalty and the many problems of biological waste treatments,
this process appears relatively unattractive for semi-closed ecological systems with
interest in re-cycling the water product of feces only. This process increases
in attractiveness for more completely closed systems associated with large crew
capacity permanent outputs (i. e., lunar bases) where carbon will be re-cycled by
integrating waste management with photosynthetic processes.
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9.3 Summary
For the extended mission in the MMM it is recommended that the feces be first treated
with a germicide immediately after collection to minimize the possibility of contamination.
Following this it is recommended that the feces be dried and the vapors pyrolized and
recovered for use in an electrolysis cell. For 6 men in the MMM Figure 9-6 shows
the total stored weight without water extraction. This includes feces, germicide and
containers. This can be contrasted with the following weight for a drying and pyrolysis
system"
a) Without water extraction
Germicide, mixer and storage containers
Wet feces
Total weight in system
175 lb
1260 lb
1435 lb
Water contained in stored feces
and unavailable for use 8401b
b) Water extraction following
germicide treatment and pyrolysis
Germicide, mixer and storage containers
Dried feces residue
Evaporator and pyrolysis unit
Condenser
Electrolysis unit (500 lb/KW Power Penalty)
Total
175 lb
420 lb
45 lb
llb
100 lb
741 lb
Water released for use
Oxygen contained in water
8401b
7461b
The above figures compare two systems of feces treatment, both with and without
water extraction. It can be seen that by employing system (b) it i_ possible to extract
746 lb. of oxygen from the fecal water. This is accomplished by the use of an evapora-
tor pyrolysis unit and electrolysis unit of 146 lb. equivalent weight.
In either case (a) or (b) above, the same weight is required for germicide treatment and
storage of the feces or dried feces residue.
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10° 0 THERMAL AND HUMIDITY CONTROL
i0o 1 Objectives
This section presents a general discussion of the requirements of the major com-
ponents associated with the temperature and humidity control functions. Separate
headings discuss fans, water separators, the space radiator, and heat exchangers.
To more fully illustrate the effect of the overall system design point onthese items,
generalized sizing data is presented.
The actual design of any of this equipment is dependent upon the ultimate system
sizing, thus a fullparametric treatment is not possible on a subsystem basis. The
data, therefore, may be used for generalized early studies but should not be loosely
over-interpreted to any specific case without careful examination°
The discussion on space radiators presents background studies on coolant choice,
meteoroid protection, etc. with the actual sizing procedure treated in the system
volume of this report°
i0o 2 Coolant Survey
10.2.1 Discussion
The coolant survey for the space radiator consisted of a series of contacts with
manufacturers of candidate fluids to determine the latest properties of the particular
fluid° Initially, these properties were compiled for general reference as illustrated
in Table 10-1. This table presents the important fluid properties over the general
operating range. Reference to the table illustrates that considerable gaps appear
in the data for several fluids due to either their limited usage to-date or lack of
previous interest in the particular property at the temperature indicated°
Although this table is sufficient from a reference point of view, it does not provide a
rapid indication of the more attractive fluids at any particular operating temperature.
In an attempt to provide a rapid visual determination of the relative merits of each
fluid, a fluid properties parameter based on overall system performance which is
proportional to the ratio of pumping power to heat transfer conductance was derived
for both laminar and turbulent flow.
The derivation of the parameter is based on the pipe pressure drop equation, friction
factor equation for pipe flow, Nusselt number equation for flow in round tubes, and
the normal heat exchanger or radiator heat balance equation. These expressions
are as follows:
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AP-
2f LpW 2
Dp gpAp 2
(1)
_ 0o 0791
(Rep) 0.25
0. 0791
\App /
0.8 0o 33
/ga \
Nu:0°027 Re h Pr [-:;_,_'--I
\-s]
where: Nu = h Dh
k
W D hRe h :
AhP
pCpPr =
k
O. 14
Turbulent Flow (2)
Turbulent Flow (3)
Q :WCp (Tfl - Tf2 ) (4)
Equation (3) is the turbulent flow equation recommended by McAdams {1942) for
highly viscous fluids. The
.14
term in equation (3) is the contribution of Sieder and Tate (1936), which makes the
equation valid for both heating and cooling. This equation is only the last of a series
of similar equations, all having 0.8 as the exponent of the Reynolds number, but
with exponents of the Prandtl number varying from 0.3 to 0.4. Previous authors
gave slightly different constant factors for the equation and exponents of the Prandtl
number for cooling and heating, but no universal equation for both. However, since
both heating and cooling of the transport fluid is taking place in the heat exchangers
around the loop, this term will be greater than 1 when the fluid is being heated and
less than 1 when the fluid is being cooled. The most serious variation from unity
would occur near the freezing point of the fluid, where the slope of the viscosity
curve versus temperature becomes very steep.
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However, for the most part, the design of the system will be such that the selected
heat transport fluid will not be operating near its freezing point for any significant
period of time. For this reason and to provide a general equation of reasonable
validity and accuracy for comparative evaluation of heat transport fluids within an
overall system, the following assumption was made:
( #a ) 0"14 _ 1s
In addition to these equations, it was assumed that the operating conditions and
all of the transport loop dimensions, except the overall radiator and heat exchanger
sizes, are the same for all fluids. This says that Lp, Ap, Dp, D h, Ah, Q and
(Tfl - Tf2) are essentially the same for all fluids.
The turbulent pumping power for a transport fluid loop was derived from the first
two equations.
WAP 0.1582 Lp W 3
- : (5)
2(WDh )0.25Ap//
P Dp g p2 Ap
Turbulent pumping power
The assumptions reduce this equation to the following proportionality:
Turbulent pumping power
0, 25 2o 75
_ w (6)
p2
However, equation (4) and the assumptions imply that the fluid flow rate, W, is
inversely proportional to the fluid specific heat, Cp.
0.25
Turbulent pumping power _ P (7)
2.75 2
Cp P
By means of a similar procedure, the following proportionality can be derived for
the fluid turbulent convection coefficient for the heat exchanger or space radiator.
h
k 0.67
(Cp /_ ) 0.47
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The convection coefficientis essentiallya measure of the heat transfer conductance
of a fluid° Thus, the ratio of the pumping power to the heat transfer conductance is
proportional to a quantity which is exclusively a function of fluid properties. This
proportionality is:
Turbulent Pumping Power V
Turbulent Heat Transfer Conductance _= 2.28 0.67 2
Cp k P
(9)
A similar analysis can be made for laminar flow through the pipes and over the
heat transfer surfaces using the following equations:
Nu = 1.86 Re 1/3 Pr 1/3 ( Pa 0.14 Larainar Flow (10)
where: Nu = h D h
k
Re = W D h
A h P
Pr = p Cp
k
Again/' pa 0.14 _ 1 was assumed as an average°
\_s /
within a loop doing both heating and cooling.
This was defined on Page 10-4,
From this:
0.33 0.33
= constmnt (11)
k \AhP/ k
Equation (11) can be reduced to the following proportionality:
h_ k 0°67 (12)
For laminar flow, the pipe friction factor is as follows:
f = 16 = 16Ap p (13)
Rep W Dp
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This can be substituted intoequation (i)to derive the laminar pumping power,
WAP 32 Lp P W2
Laminar Pumping Power = - (14)
P App 2Dp 2 g
The assumptions reduce this equation to the following proportionality:
p W 2
Laminar Pumping Power _ (15)
p2
Equation (4) and the assumptions imply that W is inversely proportional to Cp.
Laminar Pumping Power P (16)
2 2
p Cp
Therefore, for laminar flow over the heat transfer surfaces and through the inter-
connecting piping, the ratio of laminar pumping power to laminar heat transfer
conductance, I7, is as follows:
Laminar Pumping Power = y
Laminar Heat Transfer Conductance 2 0.67p Cp 2 k
(17)
In the selection of a transport fluid, minimum pumping power and heat transfer
equipment weight (i. e. maximum heat transfer conductance) are major considerations.
Thus, it appears that the fluid having the minimum value of the above parameter
should require the lowest pumping power and the smallest heat exchangers and space
radiator if it is acceptable on other bases such as toxicity, freezing point, stability,
etc.
Figure 10-1 presents the comparison of fluids for this parameter with turbulent
pressure drop and turbulent heat transfer, while Figure 10-2 presents this com-
parison for laminar heat transfer and laminar pressure drop. It was assumed in
the analysis that the pressure drop in the heat exchangers can be represented by pipe
friction factors, which is true for a space radiator or a tube bundle, but is only an
approximation for a plate and fin type heat exchanger. In any system, four combin-
ations of both turbulent and laminar pressure drop and heat transfer are possible, but
the parameters involved differ only by a factor of P Cp to a power. This factor shifts
the temperature at the intersection points of the curves and the magnitude of the para-
meter, but the overall order of the curves relative to each other remains substant-
ially tmchanged. Although a transport loop can have turbulent flow through the
inter-connecting piping, and laminar pressure drop and heat transfer in the heat
exchangers, it would be confusing to present the parameters for this mixed system
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10.2.2
since either the pressure drop of the heat exchangers or the interconnecting piping
would have tobe neglected. Therefore, in order to be consistent, only the total
laminar and totalturbulent cases have been presented here. It can be seen from
Figures 10-1 and 10-2 that FC-75 and (60-40) glycol offer the lowest pumping
penalty per BTU rejected over portions of the range illustrated,but due to temper-
ature limitationsfor (60-40) glycol, FC-75 has been selected as the most favorable
transport fluid. Table 10-1 also shows that FC-75 has the lowest laminar pumping
power of allthe fluidsinvestigated at -65°F, which would be favorable for low load
space radiator operation. Actually pumping power may be the most significant
factor rather than the ratio of pumping power to heat transfer conductance, but
FC-75 would be the fluidselected by either criterion.
Coolant Survey Nomenclature
Ap
Ah
Cp
Dp
D h
f
g
h
k
Lp
Nu
Pr
AP
Q
Rep
Re h
Tf 1
Tf 2
W
0
Pipe flow area
Heat exchanger or radiator fluid flow area
Fluid specific heat
Pipe diameter
Diameter of heat exchanger or radiator fluid passages
Friction factor
Acceleration of gravity
Heat transfer convection coefficient
Fluid thermal conductivity
Fluid loop pipe length
Nusselt number
Prandtl number
Pressure drop of the fluidloop
Heat exchanger or radiator heat load
Pipe Reynolds number
Heat exchanger or radiator Reynolds number
Heat exchanger or radiator inlettemperature
Heat exchanger or radiator outlettemperature
Fluid Flow Rate
Fluid viscosity
Fluid density
10-8
HAM ILTON STANDARD SLS 414-2
DIVISION OF" UNITED AIRCRAFT
10.3 Radiators
10o 3.1 General
10.3.2
The space radiator study work during the subsystem definition phase was designed
to provide meaningful general data which could be utilized during final system design.
A space radiator is such an integral part of the thermal control system that an
attempt at final definition at this point in the study would be useless. Thus, the
work to-date has surveyed candidate items for the exterior coating and meteoroid
protection° In addition, basic generalizations on the effect of vehicle orientation on
radiator design were made to illustrate the relative penalties.
The coating study consisted of a review of available materials and their properties
to provide an indication of the most desirable coating for the final design. It is
impossible to consider all selection factors prior to final design, but the field can be
narrowed considerably. In the meteoroid protection study, the goal was selection
of a typical approach which would result in minimum overall weight penalties to the
system. All schemes could not be considered due to practical limitations, but
several representative approaches were analyzed for applicability.
The orientation analysis was designed to provide an estimate of the radiator size
and weight of a radiator for an oriented vehicle as compared with one for a random
oriented vehicle during transit from Earth to Mars. A study has been made of
orientations during Mars orbit and on the Mars surface to aid in selecting the
design points for the MMM and MEM radiators.
The results presented in this section will document the preliminary work done on
the radiators and allow understanding of the reasons behind the selection of the final
radiators. Care must be exercised in the interpretation of this data to avoid being
overspecific on any particular point. The results presented in this section are
designed to illustrate the overall trend in the design rather than providing a specific
reference case° If this is kept in mind during the subsequent discussion a clearer
understanding of the results should be possible.
Coating Survey
The coating survey for the Mars Vehicle radiators followed the same intent as the
coolant survey; a collection of pertinent coating properties to establish applicability
of materials for the final design. Metals for radiators are desirable because of
thermal conductance and structural requirements, but they generally have optical
properties unsuitable for efficient thermal radiation. Thus, it is necessary to coat
the radiator surface with a material which selectively absorbs or emitts radiant
energs" as a function of wave length. For this application, the coating should be one
which has a low absorptivity in the short wave length range (solar energy, 0<X<3.0j0 ,
and yet is highly emissive in the infrared or long wave length range (3.0<)_<_p).
Space radiators require that the ratio of the solar absorptivity (Cts) to the long wave
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length emissivity (_) should be as low as possible, while the emissivity should be as
high as possible° Furthermore, these coating characteristics should remain constant
or degrade only slightly, after prolonged exposure to solar radiation, hard vacuum,
and any other environmental conditions.
Table 10-2 is a listing and comparison of the coatings for which published data exists
which are considered to be the best available at the present time° The majority of
these coatings were tested under laboratory conditions only with the actual space
simulation tests for determining the degradation of the coatings discussed in detail
in the references. All of these coatings are capable of withstanding a 400°F ascent
temperature for at least 10 minutes.
The coatings considered can be grouped into two basic types according to their
method of providing a low solar absorptivity and a high thermal emissivity° These
two types are referred to as "single surface" and "double surface" concepts and are
described in Reference 1 as follows:
The "single surface" concept describes a homogeneous, opaque surface inherently
highly reflective to solar radiation, and which possesses a high emissivity at ambient
temperatures. Examples are white paint, "smoked" magnesium oxide, and certain
vacuum-deposited materials.
The "double surface" concept describes a visually transparent coating over a highly
polished metallic surface. The transparent coating transmits solar radiation to the
metal, where it is reflected through the coating to space. Simultaneously, the coat-
ing is highly emissive in the long wave length range. Examples are transparent
plastic or lacquer over polished aluminum.
A review of Table 10-2 indicates that all but two of the coatings (#6 and #8) are of
the "double surface" concept°
The coatings can be further categorized according to the material components. Those
presented here are either composed of all-inorganic components or a combination of
organic and inorganic components. All but two of the coatings (#5 and #7) are com-
posed of all-inorganic components° A comparison of the tabulated surface coating
data indicates that, in general, minimum degradation occurs in a system composed of
all-inorganic components.
The coating thickness is a very important factor in producing the characteristic optical
properties° Too thin a coating will allow transmission of radiant energy to the sub-
surface, resulting in incorrect optical properties. A program conducted by Lockheed
(Reference 3) indicates that the minimum thickness required for opacity of a "single
surface" coating is approximately 0. 003 of an inch. The range of thiclmesses of the
coatings listed in Table 10-2 was 0.003 to 0. 006 of an inch.
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10.3.3
The percentage composition of pigment and vehicle making up the coating also has
considerable effect on the radiant characteristics as shown in Table 10-3 for zinc
oxide and potassium silicate. The values shown are for before and after exposure
to the simulated space environment.
Table 10-3
Effect of Pigment to Vehicle Composition Ratio for Zinc Oxide-Potassium Silicate
Coating
Composition Ratio
Pigment Weight/Vehicle Weight
m s
Before After Before After
2.15/1 0,258 0.269 0.93 0.95
4.3/1 0.132 0_ 13,'_ 0.9_ 0.99
The simulated solar exposure for these tests was 268 hours.
After consideration of the factors required for coating selection, a preliminary choice
of the zinc oxide-potassium silicate composition has been made based on the data
currently available. This composition has the lowest _/_ ratio and is clearly the
most stable which makes it very attractive for Mars Vehicle use.
The samples were irradiated by using several A-H-6 lamps, which have been widely
accepted as the best available approximation of extra-terrestrial sunlight, and
vacuum (about 10-6mm. Hg.) was maintained by a suitably trapped oil diffusion pum'p
(Reference 4).
Orientation Analysis
The weight and area of the space radiator are dependent on the heat to be dissipated
and the radiation to which the radiator will be exposed. There are various pos-
sibilities for solar radiation, but there are two extremes which should be considered.
The vehicle could be oriented such that the spin axis is radial to the sun Therefore,
the radiator can be positioned on the top or bottom of the mission module in a plane
parallel to the spin axis and it will never be exposed to the direct rays of the sun.
This will be described as a K = zero-influx radiator. The second case to be
considered is that of a rand ,m oriented vehicle. If the orientation is random, it must
be assumed that the vehicle could orient itself such that the spin axis would be
perpendicular to a radial from the sun. Then the radiator would be in the direct rays
of the sun during part of each revolution of the vehicle. If this is the case, the design
point would occur at the highest solar radiation part of the mission.
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10.3.4
Figure 10-3 illustrates the solar radiation that exists in space along the path traveled
by the Mars Mission Module. The term solar radiation, as used herein, refers to the
direct release of energy by the sun and varies inversely as the square of the distance
from the sun. The term solar radiation was used in preference to the term solar
constant which is only correct for a given radius from the sun. The word solar
constant is a misnomer when applied to the solar system, because it is really a
variable.
It can be seen in Figure 10-3, that the design point will be conditions on about the
350th day of the mission for a randomly oriented vehicle. If this solar radiation
(So ----1200 Btu/hr ft 2) is assumed, along with the assumption that the radiator is
flashing through the direct rays of the sun with a radiator absorbtivity of 0.15,
integration of the rotating flat plate radiator through 360 ° yields an average absorbed
influx of K = (_So/Tr = 57.2 Btu/hr ft 2 acting on the radiator. Figure 10-4 illustrates
the resulting radiator weight and area for a constant load as the tube spacing is
varied.
Although an orientated radiator will have a K = 0 absorbed influx, between the Earth
and Mars, this influx will increase in the Mars orbit due to planetary emission and
albedo. The optimum Mars orbit gives a maximum absorbed influx of K = 10.5
BTU/hr ft 2 , and the resultant areas and weights are again shown as a hmction of
tube spacing in Figure 10-5. Since the projected area of one side of the Mars
Mission Module is approximately 947 ft 2, it can be seen that the orientated radiator
gives a substantial savings in weight by being able to accommodate the area given
for the optimum tube spacing which occurs at l- 15 inches.
Mars Orbit Radiator Influx
A study was made of a series of possible orientations of the .Mission Module radiator
with respect to Mars and the Sun at a height of 200 nautical miles. Figure 10-3
shows the radiator, which was considered a flat plate, always facing toward Mars
in Case 1, facing away from Mars in Case 2, and vertical to the Mars surface in
Case 3 (the method of calculating the absorbed influx was taken from Reference 5).
Figure 10-7 shows Case 4 with the sun's rays always parallel to the plate. However,
the most favorable orientation was found to be Case 5, which is shown in Figure 10-8.
The influx in this case varies between K : 10.5 and 9.5 BTU/hr ft 2. The fiat plate
radiator is parallel to the plane containing the orbits of the planets around the sun so
that the radiator is facing deep space. The direct solar absorbed influx is zero, but
components of Mars planetary thermal radiation and albedo keep the influxfrom being
zero on the radiator° For higher orbits the absorbed influxwould decrease. Case 5
is for an equatorial orbit, which is the natural orbit for the MMM rather than a polar
orbit. A polar orbit may involve a drastic change in the trajectory of the vehicle.
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10.3.5
All the radiator orientations would require some power to initiate them, but no one
appears more difficult than any other, so Case 5 was chosen for the design point of
the MMM radiator. Since the influx is uniform for this case, temperature transients
would be minimized.
MEM Radiator Orientation
A Mars surface temperature distribution was assumed based on equatorial midday,
equatorial sunrise, and the polar region temperatures given in Reference 6. Flat
Plate radiators were assumed as either vertical, horizontal-facing up, or horizontal-
facing down relative to the surface of Mars, which was assumed to be flat.
Incident radiation consists of direct solar radiation from the sun, scattered and
reflected sun radiation from a nearby planetary body (albedo), and radiation directly
emitted by the planetary body (planetary emission). As shown in Reference 5, these
components of the incident radiation can be transformed into the absorbed radiator
influx by applying the radiator coating properties and geometric terms called shape
factors and summing up the contribution of each component to obtain K, the average
influx. Figure 10-9 shows the influx for various orientations of flat plate radiators
versus location on the Mars surface. It was further assumed that the Mars atmos-
phere is perfectly transparent to radiation. Since the model atmosphere used in the
study indicates that there is very little carbon dioxide and no water vapor in its
composition, it was assumed that there is no gas radiation present. The radiators
have an absorbtivity of 0.15 and an emissivity of 0.92. The horizontal-facing up
radiator had the most favorable influx due to the elimination of the direct planetary
emission, which is very high at midday at the equator, so the ideal design point for
the MEM radiator would be K = 28 Btu/hr-ft 2 with a minimum influx of K = 0 at
0 = 90 ° to 180 ° . However, such a radiator could not be integral with the vehicle.
Therefore, a radiator inclined at an angle of 35° to the horizontal was taken as the
design point. Such a radiator could be located in the flat section of the MEM.
10.3.5.1
An isotope radiating section was included for the MEM since an isotope heater is
needed to provide cabin comfort at night due to the high heat leakage out of the
vehicle. This radiator can also be integral with the vehicle and inclined at an angle
of 35 ° to the horizontal. The design point for the radiators was taken as K : 36
BTU/hr. - ft 2, the influx that occtws for a Mars location angle of 0 =: 0°.
Radiator Nomenclature
_S Solar Absorptivity
Emissivity
X
Radiation Wave Length
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U
So
K
T
W
L
d i
p (o)
Q
H
0
A
E T
F
RS
TH
Micron = 10 -6 meters
Solar Radiation (Solar Constant)
Absorbed Radiation
Tempe rature
Weight Flow
Tube Length
Tube Inside Diameter
Zero Puncture Probability
Tube Spacing
Heat Load
Altitude
Planet Location Angle
Equatorial Angle
Angle Behveen Radiator Normal and Planet
Albedo
Total Energy Rate Emitted Per Planet Unit Area
Geometry Factor
Reflected Solar (Subscript)
Thermal (Subscript)
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10.3.6.2
Meteoroid Protection
Radiator Tube Configuratives
In the early part of the study, three radiator meteoroid protection schemes were
considered. They were the bumper, shield, and heavy tube configurations as shown
in Figure 10-10. At that time, the shield mode of protection gave the lowest weight
penalty with the Whipple 1963 flux data. In addition, the modified Charter's -
Summer's equation was used for both single and multi-sheet protection, but with the
multi-sheet penetration factor, K T = 1 for both. This was unduly severe on the
bumper or multi-tube configuration. More recent work on meteoroid protection
methods has resulted in some simpler and more easily constructed schemes as
shown in Figure 10-11.
For the final phase of the study, the heavy tube protection was chosen to be used
and was evaluated by the Bjork penetration criteria. The protection _eight per foot
of tube for any required meteoroid protection thickness is shown in Figure 10-12.
For the multi-sheet protection a "Tee Bar" arrangement was optimized by assuming
tube stand-off distances or h's of l, 1.5, and 2 inches for a tube protective area
(NT x Lxdi) of 9 62 ft 2, which was the vulnerable area of an early MMM radiator.
Each h has a K' , as taken from Figure 10-14, which allowed the protection thickness
to be calculated from the modified Charter's-Summer's equation, which in turn gave
areas. The optimum area or lowest weight occurred for a distance of h - 2 inches,
and K'=0.2. Although in Figure 10-14, the curve of h versus K', blends into K' - 1
for a separation distance of zero inches, the curve is undefined for values of h
greater than two inches so the optimization study was not carried beyond this point.
Actually as h increased indefinitely, the conduction of the heat from the tube to the
fin becomes more difficult, and the radiator size would have to be made larger to
compensate for this effect. Figure 10-13 gives the multi-sheet armor weight as a
function of the required thickness. The armor weight becomes constant for a
thickness of. 06 inches, which is the sum of the initial tube and fin dimensions.
The weight then becomes just the separation strut. Physically, this means
that thicknesses less than . 06 inches are not structurally leasable, and that
the separation distance, h, can now be reduced rather than the thickness.
Mars Radiator Meteoroid Protection
The field of meteoroid study is composed of three basic areas:
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o
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The determination and prediction of the sporadic meteoroid flux vs.
mass distribution, as well as determining the physical properties ef
meteors (density, composition, etc.).
Various theories based on analytical and empirical reasoning, that
describe the methods by which meteoroid penetration occurs in metallic
targets in the various velocity regimes.
Methods of protecting against meteoroid penetration° This consists of
both mechanical design, experimental work and theoretical analyses
of the protection thickness required to prevent penetration.
A complete discussion of these areas is far beyond the scope of this report, but
Reference 7 contains an excellent review of these areas. However, a brief review
will be presented of work in these three areas pertinent to the discussion.
Various visual, radar, radio and direct impact techniques have been used to
formulate a relationship between meteoroid flux (particles/area-time), mass, velocity,
and density. The relationship between meteoroid flux and mass is a log-linear
distribution of the form
log (@) = log a + ,8 log (m) (1)
and is shown plotted in Figure 10-15 at various locations in the solar system. This
is the NASA suggested Meteoroid Environmental Model that replaces the Whipple
1963 data used initially in the study.
The average meteoroid density is dependent upon the size and origin of the meteoroid.
Meteoroids of Asteroidal origin, consisting of stone fragments, have an average
density of 3.5 gm/cc. Meteoroids of Cometary origin are believed to have a porous
fragile structure. Because of this porosity of the cometary meteoroids, their
density is dependent upon their size. The average densities suggested by NASA for
use in this study are given in Table 10-4.
The meteoroid velocity varies inversely as its mass and distance from the Sun.
The relationship between average meteoroid velocity and location is shown in Figure
10-16.
:ks to the actual penetration criteria, many theories have heen postulated as to how
projectile penetration occurs in the range of high and hyper velocity impact. These
include both hydrodynamic theories, and thermal vaporization models. As of now,
laboratory experiments have been limited to velocities of less than 25,000 ft/scc. ,
so experimental data must be cautiously extrapolated to the higher velocity regime.
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TABLE 10-4
METEOROID MASS AND DENSITY
Distance From Sun Mass Avg. Density
(AU) (gin) (gm/cc)
Entire Solar System 10 -9 to 10 -6 3.5
1 10 -6 to 102 ,5
1 102 and greater 3.5
1o25 10-6 to i .5
1.25 1 and greater 3.5
1.5 10 -6 to 10 -1 .5
1.5 1 and greater 3.5
By postulating that projectile kinetic energy is proportional to penetration depth,
Charter's and Summer's derived a relationship between non-dimensional penetra-
tion depth and the physical properties of a spherical meteoroid° Experimental
work showed that the penetration did not exactly follow the theoretical expression
so the equation was modified as follows:
2/3
=2.28 ( P--P-- x _V_V ) (2)d Pt C
It has been suggested by NASA that a further modification of this equation be used to
calculate multi-sheet or double wall meteoroid protection.
2/3
2t = 342 K' V (3)
d \Pt x C ]
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The constant in this equation includes a factor of 1.5 to correct the crater depth
(P) in a semi-infinite target to a finite thickness that will be just penetrated by the
same projectile. A multi-sheet penetration factor K' has been included to account
for the reduced protection required, because the bumper absorbs a portion of the
meteoroid energy and causes the meteoroid to fragment into smaller Pieces.
Figure 10-14 shows the multi-sheet penetration factor as a function of sheet separation
distance.
For calculating single-sheet meteoroid protection Bjork's penetration theory has been
suggested by NASA.
t = 1.64 (mV) 1/3 - for aluminum targets (4)
This theory neglects the strength of the target material because ithas been found
that, at high impact velocities, the forces generated far exceed the strength of the
target nmterial.
In order to provide a certain radiator reliability against a penetration failure, it is
assumed that the probability of having a certain number of penetrations occuring
during a given mission time can be represented by a Poisson distribution,
n - _AT
P (n) -- (_) AT ) e
n'
where _ is the meteoroid flux, A the exposed tube area,
(5)
and T the totalmission time.
Since, for a radiator zero penetrations can be tolerated,
P(o) = e -_AT (6)
Referring to Eq. 1, _¢ is given by the expression,
_b =a m (7)
where for the assumption of spherical meteoroids,
i 7r d31
m = Pp (8)
6
For a space radiator one of *he design variables is usually'totalequivalent length,
or (NT) x (L) . Thus, the totalexposed area is (NT ".L x di). This presents a good
basis on which a parametric curve of meteoroid protection can be based, for inclusion
in a radiator optimization study.
10-27
HAMILTON STANDARD SLS 414-2
DIVISION OF UNITED AIRCRAFT
10.3.6.2 (Continued)
The Sporadic Flux-Mass Envelope for the Mars Mission shown in Figure 10-15 was
taken as the starting point in the calculation. It was estimated from the study
specification that the times to be spent at different distances from the sun are as
(# 1AU T = 10 days
@ 1.25 AU 270 days
@ 1.52 AU 50 days
@ 0. 725 AU 90 days
420 dqv mission
follows:
Earth and Vicinity
In Transit
Mars and Vicinity
Vicinity of Venus Orbit
The 0. 725 AU line was obtained by interpolation between the 0.4 AU and the 1.0 AU
line in Figure 10-15. For multi-sheet protection, the modified Charter's - Summers
equation, assumed spherical particles, and the Poisson flux distribution for zero hits
yields the following equations:
2/3
- 3.42K'/Pp V
' c )
0, ,1,3 1,3 ,,3
m p
: -ln P (0)
AT
Using these three relationships and Figure 10-15, _ t/K' was plotted against
-ln P (o)/AT for each distance from the sun as shown in Figure 10-17. Values
of_are read off at constant_t/K' at each AU. For a given vulnerable area,
NTxLxd i, a P (0) can be calculated. The actual P (0) for this_:t/K' is now the
multiple of the P's or the antilog of the sum of the logarithm of the P's.
-A (_i T1 _l_.t2 T2 " "" '_n Tn)
P(0) =e = Pl(0) P2 (0)... P (0)
11
Figure 10-1S shows_t/K' versus - in P (0) for a vulnerable area of 9.62 ft. 2
10-19 shows_t/K' versus mission reliability.
Figure
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By a like procedure, the single sheet meteoroid protection using the Bjork equation,
t = i. 64 (MV) I/3 for aluminum, yields similar curves.
Figure 10-20 shows the Bjork thickness against -In P (0)/AT. By using the sample
area, 9. a2 ft 2, and the respective times for each curve, Figure 10-21 was obtained.
By assuming a thickness and reading off the -In P (0) for each curve, the combined
P (0) can be calculated as shown in Figure 10-22.
Due to the complexity involved in the multi-meteoroid flux curves, it is not possible
to solve directly for the required thickness for an overall mission no puncture
probability. It is easier to assume a thickness, work out the reliability for each
portion of the mission, and then get the overall reliability for the total time the
radiator is exposed.
Using the method described, and assuming various vulnerable areas, curves were
generated at the agreed upon no puncture probabilities of P(0) = 0.99 and 0. 999 for
each penetration criteria. Figure 10-23 shows thickness as a function of the zero
puncture probability and vulnerable area for the MMM radiator using the Bjork
equation. The comparible curve of,Et/X' is shown for the modified Charter's-Summer's
equation in Figure 10-24.
MEM Radiator Meteoroid Protection
It was assumed that the MEM radiators would have to be protected for 160 days,
which would include the 120 day trip to Mars and the stay time of 40 days. The
radiators would then be left behind, either on Mars or in a Mars orbit, prior to the
departure of the MMM for Earth. In an effort to simplify the solution for protection
thicknesses, the 1.25 AU curve was used with the total time of 160 days to obtain the
two curves, Figures 10-25 and 10-26 for the Bjork and Charter's - Summer's
thicknesses against radiator vulnerable area and zero puncture probability. A check
on the accuracy of these curves was made by integrating the meteoroid environmental
model using the following:
T = 5 days @
110 days @
5 days @
40 days @
160 days
1.0 AU Vicinity of Earth
1.25 AU Transit
1.5 AU Vicinity of Mars
1.5 AU Stay Time
The spot check revealed no significant departure from the simplified curves.
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10.4
Meteoroid Protection Nomenclature
¢
M
#
V
C
P(0)
K'
NTx L
di
AU
E
g
Pp
Pt
P
d
t
T
Meteoroid flux
Meteoroid mass
Flux distribution intercept
Flux distribution slope
Meteoroid velocity r_7 1/2
Sonic velocity of target - c = ]_-_1
Probability of no puncture
Multi-sheet peneWation factor
Number of tubes times radiator length
Tube inner diameter
Astronomical Unit
Young's modulus
Gravity
Meteoroid density
Target, shield, tube density
Meteoroid penetration depth in semi-infinite target
Meteoroid diameter
Thickness
Time
Circulation and Humidity Control
The initial work on circulation and humidity control was done with single air loops,
and curves were drawn for the three modules showing the effect of cabin heat exchanger
outlet temperature on humidity and cabin air flow requirements. The sensible
cabin loads used in this phase of the study were based on the crew sensible load plus
25 to 50% of the electrical load excluding the estimated load for the ECS. To minimize
air weight flow and therefore fan power, the highest allowable cabin temperature of
75°F was selected for the modules. Since the heat loads originally taken were subject
to change, curves were also prepared to show air flow and humidity variation as
the sensible cabin heat load increased.
Figures 10-27 and 10-28 show the required air flow and resultant humidity as the
cabin sensible heat load varies for all the modules. It can be seen that as the air
weight flow and cabin sensible heat load increase, the relative humidity lines become
asymptotic with limiting values below the 35% RH minimum requirement set in the
Mars Study specification.
Figures 10-29, 10-30, 10-31 and 10-32 are also for a single air loop and show for
a 75°F cabin temperature the effect of varying the humidity control heat exchanger
outlet temperature on the required air flow and the resultant relative humidity for
the ERM with a latent load based on 6 men, the MEM with 2 men, the MEM with 4
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men, and the MMM with 6 men. Again, the cabin heat loads used in these figures
were preliminary, and are not to be taken ";s final values, but to show trends.
The curves reveal that for single air loops, the cabin relative humidity is set by
the humidity control heat exchanger leaving temperature, and that the cabin
sensible load removed by this circuit should be kept low to reduce the required
air flow. As much of the electronic load as possible should be liquid cooled for
this reason; it also requires less power to cool with a transport fluid than with air.
Later in the study, it became apparent that double air loops can provide a further
reduction in fan power. The primary loop, with a low air flow, goes through the
major pressure drop components and a latent load or humidity control heat exchanger
to control the humidity. The secondary loop handles the higher air flow, but at a
lower pressure drop, and at a temperature level to cool the major portion of the
sensible load, but still not cause condensation to occur in the secondary heat
exchanger. Since double air loops require less fan power, and can more readily
set cabin relative humidity above the 35% minimum set in the Mars Study specifica-
tion, they were used in the system integration portion of the study.
Mars Surface Convectors
This part of the study was performed using a glycol-water solution as the coolant.
Investigation of fluids at a later date indicated that FC-75 would be a better fluid.
However, the effect of changing fluids on system weights is negligible, and the
conclusions are still valid for FC-75.
The Mars atmosphere has been considered as a potential heat sink for convectors
during the Mars exploration. Since the atmospheric temperature varies from -94°F
to 90°F at the equator throughout the Mars day, the maximum temperature was used
as the inlet temperature of the atmospheric flow through the convective heat
exchanger as drawn by the fan. To yield a 40°F level of transport fluid (60-40 glycol)
in the system, a radiator was added in series to the convector. The mass flow ratio
of the convector was made 1, which required 11.1 lbs./min, of fan flow. A glycol
flow of 3.5 lbs./min, was needed to reject the Q = 15,943 BTU/hr. estimated load
with a convector entering temperature of 140°F and a radiator leaving temperature
of 40°F. The vertical flat plate radiator had an absorbed influx of 77 BTU/hr.- Ft 2
based on the sum of the solar, albedo and direct surface emission to a vertical
plate as shown in Figure 10-9.
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The Mars atmosphere was considered transparent to radiation into space (no gas
radiation from CO2 or water vapor), and no free convection was considered to be
occuring on the radiator surface. (It has been calculated using Lorenz's equation
for free convection that for the model Mars atmosphere and gravity, the heat
transfer coefficient is only 0.22 BTU/hr.-ft 2 °F for a 1 ft. vertical surface and a
temperature difference of 80°F. If the temperature difference is reduced to 19°F.
the free convection heat transfer coefficient is reduced to 0.15. Actually, free
convection would act withthe 90°F ambient to transfer heat into the radiator, but
most of the time with the ambient temperature lower than the radiator temperature,
convection helps the radiator.) The convector atmospheric pressure drops (fan
pressure rises) were taken as 0.05 and 0.1 psi to find the effect of pressure drop
on convector size and fan power with an assumed overall fan-motor efficiency of
40%. Convectors and radiators were sized for different load splits and their weights
added to the power penalty for the two pressure drop systems. The maximum
effectiveness of the convector was taken as _5c/_. which gave weights including power
penalty of 817 lbs. and 531 lbs. for convector, radiator and fan penalty for the
0.1 psi and . 05 psi systems respectively. The weight of either system with only
a radiator to handle the total load was only 320 lbs. (no fan or convector). This
result was due to the power penalty of 500 lbs./KW, which imposed penalties of
575 lbs. and 288 lbs. for the 0.1 psi and 0.05 psi fans. The maximum convector
had a wet weight of only 17 lbs. so convector weights are insignificant. Due to
the low atmospheric density, the volume flow of the fans was 1415 cfm, which
when combined with an assumed speed of 20,000 rpm indicated from the calculated
specific speed that axial fans would be required for the Mars Surface. ttowever,
the study indicates that the radiator alone gives the lowest system weight. Landing
sites other than the equator would reduce the radiator size and weight to even lower
values. The results of this investigation are presented in Figure 10-33 and 10-34.
The power penalty of 500 lbs./KW is for a _uclear power source. If a fuel cell is
used, the power penalty becomes 1590 lbs./KW which would increase the fan
penalties to 1830 ibs. and 915 lbs. for the two fans.
The maximum radiator weight of 320 lbs. includes fin weight plus the shield tube
mode of meteoroid protection. Actually, the influx on this radiator could be
reduced by a more favorable orientation such as 35 ° to the horizontal wiLh a resultant
decrease in size and weight, and the fins could then be integral with the vehicle.
The example is given to point out the high penalty paid for the Mars atmosphere
c irc ulating equipment.
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10.6 Evaporative Cooling
The Mars surface atmospheric pressure used in the study was i. 26 psia, which
gives a water boiling temperature of approximately II0°F. Since the cabin air
supply temperature requirements may be as low as 45°F, a water boiler alone will
not suffice, but can only be used to handle the high temperature portion of the load.
A cooling tower was also considered for the Mars surface, but would require more
water than is available as waste from a fuel cell or urine. The heat would have
to be removed from the transport fluid inside the tubes by water evaporating from
wicks on the surface of the tubes with the Mars atmosphere being drawn across
the wicks by a fan. Even if all the water available went into cooling the transport
fluid only 22% of the heat load could be handled. Actually, some of this water would
be evaporated by the high temperature of the entering Mars atmosphere and not by
the transport fluid with a further reduction in useful cooling. It has already been
shown in Section i0.5 on Mars Surface Convectors the high penalty paid for using
fans. All these factors indicate that a cooling tower for the Mars surface is not
practical.
Evaporative cooling is obviously not feasible for extended periods of time on a long
term mission such as the Mars mission. However, there are short duration periods
during the mission when evaporative cooling may be the most optimum cooling method.
These are:
1. Immediately after Earth blast-off.
2. Re-entry into the Earth atmosphere.
3. Aerodynamic braking into Mars Atmosphere.
4. Aerodynamic braking during Mars Landing.
5. Mars blast-off and rendezvous with Mission Module.
The most common fluid for this type of cooling is water because it has a very high
latent heat of vaporization and is relatively easy to store and control. Therefore,
it will be considered for this study.
The state-of-the-art of water evaporators is well advanced because this type of
device has been used in Mercury and will be used in Gemini, the Apollo Space Suit
Portable Life Support System, and the Lunar Excursion Module Life Support System.
Therefore, since sizing information is readily available, a subsystem study was
not performed on evaporative coolers. The coolers were studied as part of the system
integration phase and are discussed in the system integration portion of this report.
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10.7 Miscellaneous Heat Rejection Methods
The major emphasis on methods of heat rejection for the Excursion Module on the
Mars surface has been placed on space radiators. This was done because there are
many indications that radiators will perform well on the Mars surface.
The atmospheric pressure specified for the model atmosphere is 1.26 psia. This
reduced pressure, combined with the reduced gravity, results in a natural convection
coefficient considerably less than that on Earth, indicating that convection is
detrimental only during the hottest part of the day when atmospheric temperatures
are above 40°F°
The Mars atmosphere should be transparent to radiation because it contains no
water vapor and only 2% CO2. Therefore, the radiator should "see" deep space
temperatures. This conclusion is further strengthened by the wide variation in
surface temperature indicating rapid radiational cooling.
The distance of Mars from the sun also increases the radiator performance in that
the solar influx to a blackbody is only 186 BTU/Hr.--ft 2 compared to 440 for Earth.
It can be seen that the radiator performance predictions are dependent on the
properties of the Martian Atmosphere. Recently published articles have indicated
that the atmosphere may be very different than the model used for this study.
Atmospheric pressure may be as low as . 3 psia and the atmosphere may contain
clouds of dust, ice crystals, solid CO2, or nitrogen tetroxide. There is also the
possibility of high velocity surface winds. For these reasons, the radiator may not
prove to be optimum when more is known about the Mars surface and atmosphere.
Therefore, the following alternate methods of heat rejection should be considered in
more detail if future information indicates that radiators are not feasible.
If convection during the hot portion of the day presents problems, it may be feasible
to freeze the waste water during the cold portion and melt it during the hot portion
of the day. Also, a complete transient analysis may indicate sufficient thermal
lag to the system without using ice as a thermal storage device.
Since the fuel cell will be used for electrical power, any system which uses electrical
power becomes very unattractive° This is true of convectors due to the large
volumes of air which must be circulated over them, and any mechanical refrigeration
devices used to provide a greater temperature difference between the convector and
the atmosphere. However, an absorption refrigeration system using an isotope
heat source may be feasibl_.
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Another alternative would be to restrict the landing site to an area of Mars which
is cold enough to provide adequate cooling of the MEM.
Heat Exchangers
Since optimum heat exchanger design is limited to specific input parameters for
each requirement, a generalized discussion to cover all possible combinations is
beyond the scope and inten,t of this study. To illustrate the procedure and the
variance in size possible by relative emphasis on weight and power criteria, an
example of the sizing procedure is included in this section.
Representative performance requirements for the main heat exchanger were
established to allow initial sizing. The heat exchanger is air to FC-75 with the
coolant choice influencing the final size but not the overall trends. Fin selection
is as follows:
Air Side: 0. 156-18-. 002 Ruffled (Stainless)
FC-75 Side: 0. 075-18-. 002 Herringbone (Stainless)
Stainless steel fins were selected for extended mission reliability since lighter
aluminum fins may not provide the l equired life. Fin spacing and heights are
typical values for illustration purposes and are not fully optimized. The core
selected for this application is sketched in Figure 10-35.
Figure 10-36 presents core weight and volume as a function of the core pressure
drop for this application. Also included is the equivalent weight of the pumping
power increase as a function of the pressure drop. This pumping power considers
the air side only since coolant pumping power is negligible in comparison.
Summing the power and fixed weight curves yields the total equivalent weight of the
heat exchanger as a function of the pressure drop. From an equivalent weight basis,
the optimum core has an air side AP of approximately 0.20 inches of water for the
input parameters of this example. The header weight and coolant weight must be
added for the final desig_ which shifts the optimum point to 0.31 inches of water.
To indicate a general weight variation for this purpose, Figure 10-37 has been
prepared. The weight is optimum only at the design point, but an indication of the
weight variation due to a flow or temperature change can be obtained.
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Final header weight is a function of the eventual core geometry. For the same
volume core, the header weight may vary considerably as the dimensions are
varied. Since this is a function of the end envelope, no general treatment is
possible. As a rough ball park estimate for this example, header weights may be
assumed as approximately 30_ of the core weight.
Air Recirculation Fans
The information describing the cabin recirculation fan is being presented in
parametric form for design point operation. The range of the affectingvariables
has been selected to cover the main area of interest for this application and the
data may be used over that range. Since fan speed cannot be simply presented as
a variable, a fixed operating speed of 11,400 rpm was considered. Nominal inlet
temperature was taken as 70°F based on early system performance data. Changes
of fan inlettemperature in the order of 5 or 10°F will have a negligible effecton
fan performance. A speed of 11,400 rpm was selected since itis consistent with
good reliabilityand long life,and yet fast enough to permit reasonable size machinery.
Motor and fan efficiencieswere estimated with consideration given to size and
speed of the machinery and varied accordingly. Efficiencies were estimated for
all operating points investigated. The basis for these estimates were analytical
and test results obtained by various investigators.
Figure 10-38 indicates rotor tip diameter as a function of design point inlet volume
flow rate and reduced pressure rise. The Figxlre indicates that different types of
machinery must be designed depending on the actual design point required. The
dashed lines are not to be construed as sharp divisions in machinery types, but
rather as a guide to optimum areas of operation for the various classes of machinery.
A method of analysis using specific speed and specific diameter has been used to
generate this figure.
Figure 10-39 gives the fan weight as a function of the rotor tip diameter, which can
be obtained from Figure 10-38. The weights for a selection of fans were taken
from the Joy Company catalog and a mean curve drawn through the scatter of
points so Figure 10-39 gives a fair approximation of the weights for the types of
fans shown. Use of this approximation is justified since fan weight is a small
portion of the total equivalent weight. Figure 10-40 describes the power require-
ments of the units designed to operate at various pressure rises and inlet volume
flows based on analysis and test experience. Figure 10-41 gives the motor weight
as a function of the Figure 10-40 power. Figure 10-42 illustrates the combined
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fan and motor weight in one curve against the inlet volume flow for fixed values of
fan inlet pressure and speed. Motor-Fan equivalent weight is illustrated in
Figures 10-43, 10-44, and 10-45 as a function of inlet volume flow rate and power
penalty for three values of pressure rise at a fixed fan inlet pressure of 7 psia.
The fan power required to establish a given cabin relative humidity was briefly
examined at the subsystem level. Since cabin exit temperature is essentially fixed
at 70°F and, for a given design and crew size. the cabin sensible cooling load has a
fixed design point, relative humidity can be changed only by changing water separator
exit temperature, ttowever, by raising separator exit temperature, the temperature
drop across the cabin is diminished thereby requiring a greater air flow rate to
absorb the sensible heat load. Thus, to raise cabin relative humidity, an increase
in pumping power is required. The relationship between pumping power and cabin
relative humidity for a 6 man crew is shown in Fig_are 10-46. A 5°I ,"differential
between water separator and cabin inlet x_as provided at the design point, so that
cabin inlet temperature can be adjusted to meet off-design sensible heat loads while
maintaining a constant cabin relative humidity. As would be expeeted, pumping
power increases very rapidly as cabin inlet temperature approaches exit temperature.
RECIRCULATING FAN
INPUT POW_:R vS CABIN RELATIVE HUMIDITY
'°°°}!I', ANCR.
2_ CABIN S_NSlBLE HEAT LOAD = 3500 BTI_ HI II
"3) CABIN LATENT LOAD = 835 BTU/HR
4) CABIN EXIT TEMPERATURE = ;'0 °F
S)
-WATER SEPARATION
'F
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CABIN RELATIVE HUMIDITY - %
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i0. i0 Water Separators
Introduction
The moisture added to the cabin atmosphere by the latent heat rejection of the crew
and any other evaporative processes must be removed to maintain the cabin at a
comfortable humidity level. This is accomplished by cooling the air below its dew
point, thus causing a portion of the moisture to condense. Addition of a water
separator to the conditioning equipment makes removal and collection of this excess
moisture possible.
Many approaches have been investigated to serve this requirement in spacecraft
environmental control systems. The most promising candidates will be briefly
reviewed here. Due to the long term mission requirements, physical adsorption or
absorption systems have not been considered since other mechanical devices show
more promise for continuous operation. The major area of interest is devices
utilizing capillary action or centrifugal force to separate the moisture. A review
discussion of the major operating principles of the approaches considered is
included at this point.
A cellular type sponge may be placed in the air ducting to collect and hold the free
moisture in its cell structure. Primary disadvantages of this approach are the large
pressure drop associated with the sponge size and the problems of collecting the
water from the sponge and reclaiming it. Recovery of the water requires a complex
squeezing mechanism with an elaborate sealing arrangement to prevent the water
from going back into the air stream. Periodic replacement of the sponge is neces-
sary since long term operation will lead to deterioration. Also, organic materials
will be collected which will deteriorate within the cell structure causing an odor
problem. This method was not considered competitive for this application.
Another method is collection of the free water in the form of frost on a cold heat
exchanger surface. In this case as in the preceding, intermittent operation is
required, since the frost must be thawed and the water drained periodically. This
draining process must be independent of gravity and may be accomplished by wicking
or a centrifugal field. In addition, sizing of the space radiator is quite affected due to
the low temperature operational point.
Another approach utilizes the centrifugal field generated by the swirl of the vortex
flow to accelerate water droplets to the walls of the collector where they impinge on
the porous wall material as shown in Figure 10-47.
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VORTEX WATER SEPARATOR
_"-- F_s MATERIA_
AIR WITH
FREE WATER
FIGURE 10--47
A somewhat reduced pressure is supplied behind the porous wall. Carryover of air
with the water can be minimized by using a wick for water transport. The fraction
of free water removed is a function of the length of the porous wall and the strength
of the vortex. In other words, power and unit weight increase with water removal
efficiency.
The elbow separator is similar to the vortex separator in that a centrifugal field is
set up as the air flows around the elbow, thus causing the water droplets to impinge
on the outside wall as shown in Figure 10-48.
ELBOW WATER SEPARATOR
AIR STREAM
WATER STORAGE
I_E_ROUS MATERIAL
WICK
TO WATER
MANAGEMENT
SUBSYSTEM
FIGURE 10--48
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The water flows through the porous wall due to capillarity and the reduced pressure
behind the wall. Here again, wicking may be provided to minimize air carryover.
Similar to the vortex unit, separation efficiency goes up as the length of the porous
wall is increased and as the radius of the bend is decreased.
Another approach under current development is the integrated condenser-water
separator. A schematic representation of this unit is shown in Figure 10-49. In all
of the above systems except for the freeze-out unit, a condenser upstream is re-
quircd. In this system, moisture condenses on the fins and coolant passage surfaces.
INTEGRAL CONDENSER-- WATER SEPARATOR
COOLANT
FLOW
COOLANT
PASSAGES
AIR
FLOW
WICK
WATER
REMOVED
WICK MATERIAL
FIGURE 10--49
10-55
HAM ILTON STANDARD
DIVISION OF UNITED AIRCRAFT SLS 414-2
10.10 (Continued)
In "zero g", the condensed water is transfered to the wick material along the fins by
surface tension forces. The flow of water within the wick is by surface tension which
is assisted by a pressure gradient. If the pressure gradient is kept below a certain
value, it is claimed that there is no air leakage through the wick. The fact that the
condensed water is removed as it is formed would prevent liquid build-up and the
resulting increased pressure loss. With the prevention of this pressure loss
phenomenon, the condenser should provide a lower pressure drop than other con-
denser types. Although the unit will be larger than an ordinary condenser, it may
weigh less than a system consisting of a condenser followed by a separator. This
unit is in its early development stages.
In all the above systems, a wicking material has been used to transport the water to
the water management subsystem. It would appear desirable to avoid such a transport
media especially in a large vehicle where relatively long transport lines may be
required. Also, the potential long duration contamination problem must be solved.
The following separation systems would be self-pumping and would not use a wick
transport m edia.
The schematic of a rotary water separator is shown in Figure 10-50. Air containing
free moisture enters the rotating wire mesh and the centrifugal field thus formed.
ROTARY WATER SEPARATOR
WIRE
MESH
AIR FLOW
FIGURE 10--50
ELECTRIC MOTOR
--_ TO WATER
MANAGEMENT
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DIFFUSER
VANES
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10.11
Due to the centrifugal field, the water droplets are accelerated in an outward radial
direction and impinge on the wall of the conical drum. The centrifugal forces
continue to cause the water to travel along the drum until it reaches the gutter and
maximum drum radius. A pitot tube converts the kinetic energy of the water into a
pressure head. The water is thus pumped out of the separator to the water management
subsystem. Experience at Hamilton Standard indicated that the separation efficiency
of such a unit is 100%. The performance of this type of separator is indicated in
Figures 10-51 and 10-52. The rotating mesh is actually a crude fan. If diffuser
vanes are provided at the mesh exit, some of the energy, put into rotating the air
stream may be recovered in raising the separator exit pressure, thus, reducing the
pressure drop across the unit. Figures 10-51 and 10-52 were drawn for separators
having no diffuser vanes and a pressure drop of . 5 inches of water. For a volume
flow of 336 cfm, if diffuser vanes were provided, the pressure drop would be reduced
to. 36 inches of water.
The reliability of such a unit should be very good since the rotating speed is under
1000 rpm and the bearings carry extremely light loads.
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CONTAMINANT CONTROL
Objectives
Contaminant control is a major life support system element needed to insure a
purified, breathable atmosphere by removing contaminants which could result in a
toxic or explosive hazard° The system must cope with a wide variety of compounds
produced both metabolically and from the vehicle systems. The fact that a space
cabin is a closed environment poses problems that do not exist in a normal earth
environment. There are a great many compounds produced by man and his equip-
ment that are of no concern on Earth because the concentration normally remains
low and exposure is intermittent. However, in a closed system, these contaminants
can progressively build up to toxic levels if they are not continuously removed. This
section deals with the monitoring and control of all of these contaminants with the
exception of CO 2 which was discussed in Section 2.0.
The only experience to date of man in closed environments is from atomic submarines
and Project Mercury flights which serve only as a preliminary indication of the
actual problems of long duration missions. Before the Mars Mission is undertaken,
this information will be greatly supplemented by closed system studies, both on Earth
and in orbiting laboratories.
The information available to-date lists a very large number of observed contaminants
and this should be increased by later experimentation. All the substances found to-
date and a wide range of others can be classified into seven groups that generally can
be removed or purified by one or a combination of the following methods:
a) Filtration
b) Physical adsorption
c) Chemical absorption
d) Conversion to non-contaminating constituents
e) Conversion to a more easily controllable contaminant
This discussion of contaminant control will consist of three areas:
a) A discussion of the anticipated contaminants
b) Methods for removal of contaminants
c) Discussion of methods of detection of major contaminants
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11.2 Identification of Contaminants
Research in the identification of contaminants in closed environments is limited:
however, data on a large number of the contaminants, particularly those of major
concern, appear to be adequate for the formulation of basic control methods. Much
of these available data were obtained from the research conducted in the closed
environments of submarines. Most of these same contaminants are also expected to
be present in manned spacecraft° Other contaminants, for which there is little data
even though they are expected to be present in closed environment, exhibit similar
chemical and physical properties to those for which considerable data has been
compiled. It is, therefore, meaningful to categorize all the various contaminants
in a number of fundamental groupings reflecting similarities in chemical make-up
or in the general manner in which they may be controlled. Table 11-1 presents such
a seven-category grouping of identical and probable other contaminants as obtained
from the reference.
Sources and production rates of these contaminants are another area requiring
definite consideration for the evolution of a contaminant control system with adequate
capacity. Many potential contaminant-generating sources exist within the confines
of a spacecraft; however, knowledge of the contaminant generation rates is very
limited due to the unpredictability of the generating media. A partial list of the
essentially unpredictable sources is presented below.
1. Electric equipment
2. Lubricants
3. Paints and other coatings
4. Leakage of stored gases
5. Chemical changes of materials caused by radiation
As an example of the range of contaminants to be expected, Tables 11-2 and 11-3
illustrate contaminants found in a Mercury capsule and a submarine, respectively.
Further research on these and other similar sources will be required to more fully
define the contaminant generation rates and effects on the contaminant control system
capacity. However, the metabolically-produced contaminants and their generation
rates have been generally defined,and represent by far the largest continuous source
of contaminants. Therefore, the preliminary system description and discussion
presented herein are based on the human outputs with a sufficient safety factor to
cover outputs from other sources. Table 11-4 presents the sources and production
rates of volatile metabolically generated contaminants along with the references
from which the data were obtained. In this study it has been assumed that the crew
would be composed of non-smokers, thus eliminating one source of contaminants.
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TABLE 11-3
CONTAMINANTS THAT HAVE BEEN FOUND IN THE
ATMOSPHERES OF NUCLEAR SUBMARINES
(Reference 3)
The following have been identified quantitatively.
Acetylene
Ammonia
Carbon Dioxide
Carbon Monoxide
Chlorine
Freon 12
Hydrocarbons
Hydrogen
Methane
The following have been present in trace amounts.
Arsine
Benzene
Dimethylethylbenzene
Ethylene
Paraethyl-Toluene
Freon 114
Gasoline Vapors
Methyl Alcohol
Monoethanolamine
Nitrogen
Nitrous Oxide
Oxygen
Stibine
Water Vapor
Cigarette Smoke
Hydrochloric Acid
Mesitylene
Propane
Pseudocumene
Sulphur Dioxide
Toluene
Xylene
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TABLE 11-4
SOURCES & PRODUCTION RATES OF VOLATILE
METABOLICALLY GENERATED CONTAMINANTS
Sour ce
i
Flatus
*Feces
*Urine
Respired
Air
Perspira-
tion
I Contaminant
Methane
Hydrogen
Hydrogen Sulfide
Ammonia
Phenols
Total Volatile Acids
Indole
Skatole
Hydrogen Sulfide
Methane
Methyl Mercaptan
Acetone
bodies
Ammonia
Phenols
Citric, formic,
lacticacids
Carbon Monoxide
Ammonia
Phenol
Total volatile acids
Lactic acid
*Saliva
Ammonia
Other Constituents of Human
Odor (Non quantitative)
Daily Production
Avg. or Range
2,100 ml
108 ml
345 ml
0042 ml
115 gs
Rate/Man
Maximum
2,650ml
153ml
446ml
°0064ml
References
4,5,6
4,6
4,6
4, 6
25-84
0-210
2.66 ml .1 N
90 mg
trace
trace
trace
trace
•6-2L
20mg
700 mg
200 mg
3.0 - 4.1 gs
10 ml
720 ml
60 mg
36 mg
2•4 - 5.6 ml
.1N
1.6 gs
864 ml
38 mg
mg 84 mg
mg 210 mg
4.45 ml °IN
----D
1380 mg
330 mg
4.1 gs
252 mg
57.6 mg
5.6 ml .1N
3.2 gs
7
7
7
5
5
5
5
5
5,9 (ref°62)
7
7
7
5,8_11
7,9
7,9
7
9
9 (ref. 33)
Butyric acid, propyl mercaptan, ethereal sulfates,
caprylic acid, valeric acid, ethyl alcohol, ethyl
mercaptan (ref. 10)
* Only a very minor portion of these should reach the breathable environment
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11.3
The recommended maximum allowable concentration for industrial applications of a
partial listing of the many contaminants is presented in Table 11-5. It should be
remembered that these values of M.A.C. (Maximum allowable concentration) have
been largely determined from industrial experience. This means that they have been
based on limited continuity of exposure, usually the eight hour working day. Except
for a few compounds this allows buildup of the contaminant in the body to be dissipated
before another exposure, and to be reduced to very low levels over week-ends.
However, since the exposure in the spacecraft will be continuous, it is necessary
and/or desirable to stay well below these concentrations, thus requiring the use of
some safety factor in the design of the contaminant control system. Tests conducted
at Hamilton Standard with a catalytic burner used to oxidize methane also verified
that it was necessary to remain below the metabolic limits to avoid overheating
the burner.
In addition to identifying contaminants, it is useful to understand in what way or
manner these items can be considered contaminants in order to have some basis
for defining the absolute degree of control required. A list of contaminants, and
their effect on a human is presented in Table 11-6.
Identification of Control Methods
Determination of the specific control method for each probable contaminant expected
in the confines of a manned space vehicle would involve a task of almost unlimited
magnitude. However, due to the chemical and physical similarity of the myriad of
contaminants, it is possible to define control means for chemically and physically
similar groupings of these contaminants by selection of representative contaminants
from each group. Table 11-1, presented earlier, presents a first and quite reason-
able approach to such a grouping. Table 11-7 illustrates the potential control methods
for these groupings.
The high molecular weight contaminants of Groups I through V can be physically
adsorbed on such materials as activated charcoal. Some contaminants such as
hydrogen, methane and carbon monoxide, which cannot be readily adsorbed, can be
oxidized to carbon dioxide and water in a catalytic burner. Other constituents in
these groups, which cannot be physically adsorbed or which convert to other equally
harmful contaminants in the catalytic burner, can be controlled by chemical absorption
in a chemi-sorbent material. These three methods would, therefore, provide control
of all the contaminants in Groups I through V.
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TABLE 11- 6
EFFECTS OF CONTAMINANTS ON MAN
1. Asphyxiants
Carbon Dioxide
Helium
Hydrogen
Methane
Nitrogen
2o Dusts
Nuisance
Slate
Talc
8. Irritants
Upper Respiratory Tract
Ammonia
Sulfur Dioxide
4. Narcotics
5. Poisons
Acetone Ethyl Alcohol
Ether Propane
Antimony
Arsenic
Benzene
Carbon Disulfide
Lead
Mercury
Chemical
Carbon Monoxide
Cyanogen
Hydrogen Cyanide
Nitro Benzene
Fibrosis Producing
Asbestos
Silica
Upper Respiratory Tract and Lungs
Bromine
Chlorine
Fluorine
Iodine
Ozone
Propyl Alcohol
Methyl Alcohol
Phenols
Phosphorous
Sulfur
Toluene
11-9
HAM,LTON STANOA,_O SLS 414-2 '
D|'V|S|ON OR UNITED AIRCRAFT
o b
e"
O
Z
L_
Z
o
Z
O>
$ = oZ
e> ---_-----_=_o
ii-I0
_L
9=
_0
0
Q_
HAMmTO. STANOA_O SLS 414-2o,vlslo, oF UNIT=O A,RCRA=T
11o 3 (Continued)
Group VI, particulate matter, can be simply and efficiently controlled by appropriate
filtration.
The extent of control required for Group VII is presently undefined; however, it is
felt that most of these contaminants can be effectively controlled by one or more
of the processes described above° Aerosols can be removed in the filtration,
oxidation and sorption processes. Bacteria can be destroyed in the catalytic burner.
On the other hand, ions may require electrical grounding or neutralization if they are
not sufficiently captured by the aerosols present, and the bacteria may require an
additional control source, such as ultra violet light, if they cannot be sufficiently
controlled by the processes available.
To illustrate the interrelationship of the various system components, Figure 11-1
has been prepared. Although it is not necessarily the optimum arrangement under
total system considerations, it serves as an adequate discussion basis. Each of
the components is briefly described below:
PRELIMINARY SYSTEM SCHEMATIC
I
CATALYTIC BURNER I
CATALYST I BED I TMBED t
CABIN / COARSE FILTER ACTIVATED 1
CHARCOAL
BED
FIGURE 11 -- I
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a) Debris Trap
A debris trap is provided to remove both solid and liquid particles from the enter-
ing air stream to prevent possible contamination of the chemical beds. The debris
trap consists of a sponge lined vortex chamber to capture liquid droplets,and a
cartridge type filter element to remove solid particles. This filter has a removal
efficiency of 90% for 50 micron particles.
b) Fa____n
The fan is shown in the schematic in order to demonstrate a complete system. In
an actual installation, the flow would probably be provided by the main atmosphere
circulating fans.
c) Activated Charcoal Bed
An adsorbent such as charcoal removes contaminants by trapping molecules in a
sub-microscopic sponge structure which has tiny capillary passages not much
larger than the molecules adsorbed. The tremendous surface area of this structure
holds the molecules through van der Waal's forces. Activated carbon is prepared
by removing part of the carbon with high pressure steam to provide a large
amount of internal surface area. It has been estimated that the grains in one pound
of activated charcoal have an internal surface area of approximately five million
square feet, therefore providing the tremendous capacity of this material.
The factors that increase the tendency for a substance to be adsorbed on charcoal
are:
1) high molecular weight
2) low vapor pressure
3) presence of a large number of carbon atoms in the molecule
4) a chemical structure that is unsaturated
The use of activated charcoal for contaminant control is particularly attractive
since it is capable of removing most of the contaminant gases that may be expected
to exist in a space vehicle cabin, including many odorous compounds that may
exist only in trace amounts. The charcoal beds are very stable and do not deter-
iorate with time. In addition, the unit is compact, efficient and contains no moving
parts.
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Upon leaving the charcoal bed, a small portion of the flow (approximately 1%) is
split off from the main stream and circulated through the chemisorbent bed and
catalytic burner, then back to the main stream to remove the remaining contaminants.
d) Chemisorbent Bed
The chemtsorbent bed will be used to remove those contaminants that cannot be
adsorbed on the charcoal or cannot be completely oxidized to carbon dioxide and
water in the catalytic burner. These will be principally the nitrogen and sulphur
compounds, halogens and metal hydrides and in addition, any trace compounds that
might poison the catalyst in the burner.
Since a large number of contaminants are to be removed, the chemisorbent canister
will consist of several layers of materials, each for the removal of specific sub-
stances. The chemicals required for a completely satisfactory chemisorbent
cartridge have not been fully defined and further development is required. Hamilton
Standard is currently carrying out in-house research and development on methods
of removing various contaminants. The following materials have been suggested
as a result of this work. The major sections required are:
1) Removal of ionic contaminants - Ammonia is the principal contaminant and is the
only one to be removed by the chemisorbent bed that is present in more than trace
quantities. A cationic resin known as "Amberlyst" has been successful in removing
ammonia.
A similar type of anionic resin could be used to remove cationic contaminants
such as sulphates.
2) Neutralization of acidic and basic gases - Acidic gases can be absorbed on
LiOH and basic gases on 'acid washed' silica gel.
3) Removal by active metals - It has been found that a thin coating of silver on a
substrate of Linde 5-A molecular sieve will react with sulphur compounds to form
sulphides.
4) Absorption by polar and non-polar solvents. Some contaminants such as
trichlorethylene or propylene can be dissolved in liquids on a substrate. It is
proposed to use mineral oil for a non-polar solvent and a high molecular weight
glycol as a polar solvent on activated charcoal substrate_
11-13
HAMILTON STAI_DARD
DIVISION OF UNITED AIRCRAFT SLS 414-2
11.3 (Continued)
5) It is anticipated that nitrogen oxides will be removed by the CO 2 removal system.
e) Catalytic Burner
The catalytic burner was selected as the most practical method of con_olling the
contaminants listed in Group I of Table 11-1 that would not be readily adsorbed on
charcoal. These are, in particular, carbon monoxide, hydrogen and methane,
since these could be present in relatively large quantities. Hamilton Standard test
experience illustrates that the portion of the atmospheric flow that passes through
the chemisorbent bed and catalytic burner should be heated to 550°F in the presence
of a catalyst to oxidize the contaminants to carbon dioxide and water.
The airstream first enters a regenerative heat exchanger, where it is heated by the
outgoing flow. From the heat exchanger it impinges on an electrical heating element
and then passes over a packed catalyst bed. The entire unit is surrounded by super
insulation composed of fiberglass and aluminum foil sealed in an evacuated cylinder.
This insulation and the heat exchanger maintain the power requirements at a minimum
level.
11.4
f) Particulate Filter
A high efficiency filter is required to remove aerosols, dust, smoke and other matter
of very small size. Commercial filters are available that are over 99% efficient on
particles of 0.3 micron size. These consist of glass asbestos sheets closely pleated
and separated by aluminum foil. This filter is able to function satisfactorily at
temperatures as high as 250°F and up to 100% relative humidity.
System Sizing
Two aspects of system sizing axe presented in this section. The first is a steady
state analysis based upon maintaining the metabolic contaminants below a predeter-
mined level since these are the only contaminants for which ample quantitative data
was available. However, it is recognized and discussed later in this section, that
ultimately a space vehicle will have to cope with contaminant overloads due to
equipment failures. The second aspect presents a generalized transient analysis
which can be used to monitor the contaminant concentration over the total mission
time for any contaminant and can be applied to complex situations involving time
varying production and process rates.
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The following symbols are used in the system sizing presentation:
Variables
C = concentration, parts per million
T = temperature, °R
t = time, days
V = volume, Ft 3
WCp = contaminant gas production rate, 1b/day
W R = process air handling rate, lb/hr.
W L = cabin mixture leakage rate, lb/hr.
W F = flow through contaminant removal system, lb/hr.
n R = contaminant removal system removal efficiency
(Amount of contaminant removed/amount entering removal system)
Subscripts
A = Allowable
B = Cabin Module
C = Contaminant
M = Carrier Gas Mixture
S = Steady State
Analysis of the metabolic contaminants, their generation rate and the maximum
acceptable concentration (Table 11-8) has shown that carbon monoxide will be the
most critical contaminant and, therefore, will determine the flow rate and size of
the contaminant control system. Although the Maximum Allowable Concentration
(MAC) of CO for short term exposure is 100 ppm, according to Table 11-5, extended
exposure to only 10 ppm has been observed to result in carelessness and inattention.
Therefore, the MAC has been set at a partial pressure corresponding to 5 ppm in a
normal Earth environment (STP) in order to size the system flow.
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TABLE 11-8
METABOLIC CONTAMINANTS
C ontamin ant Production Rate
(lb/man-day)
Max. Allow. Conc.
(ppm by vol. at 1
atm. unless other-
wise specified)
Potential Danger Accumulation Time
(day/ft3/man)
CO 2 2.12 6.58 x 103 Poison 3.53 x 10 -4
CO 2.76 x 10 -5 5.0 Poison 1.31 x 10 -2
H 2 S 4.32 x 10 -7 2.0 x 101 Poison 4.06
H2 1.97 x 10 -4 4.1 _ Explosion 5.16 x 10 -1
CH 4 1.73 x 10 -3 5.3% Explosion 6.05 x 10 -1
Note: H 2 and CH 4 Maximum Allowable Concentrations are given in percent instead
of parts per million because the explosion hazard is a function of concentration rather
than absolute partial pressure.
Of primary importance in determining the power and weight characteristics of a
contaminant removal system is the required process air handling rate which is
defined as the sum of cabin leakage and contaminant removal system flow rate times
its corresponding removal efficiency (W R = W L + WF nR). Figure 11-2 shows the
time required to reach the maximum allowable concentration as a function of process
flow rate for various CO production rates assuming an initially contaminant-free
module. For a given production rate, the vertical asymptote to the curve represents
that flow required such that the maximum allowable concentration is never reached.
The horizontal asymptote shows the time required to reach the allowable level with
no leakage or provision for contaminant removal. The curve can be used to determine
the required process flow and shows the proximity to the flow for limitless duration
operation.
It is often desirable to monitor the contaminant concentration over the mission duration.
The schedule of contaminant concentration as a function of time from the start of a
mission is a function of several variables.
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If a source of contaminant removal exists, a steady state concentration value is
approached as a limit but never actually reached in a finite time. This steady state
value is a function of the contaminant production to process air removal rate ratio
for fixed contaminant and carrier gas fluid properties (7 psia 70°F cabin) as shown
in Figure 11-3 for various contaminant gases° The steady state concentration is
divided by the maximum allowable concentration to indicate a relative measure of
danger. The rate at which the steady state value is approached is a function of only
the process air flow for constant contaminant and carrier gas fluid properties. This
is shown in Figure 11-4 which is noted to apply for all contaminants. The abscissa
is the ratio of the instantaneous concentration to the steady state while the ordinate
is the corresponding ratio of instantaneous time value to module free volume. Figures
11-3 and 11-4 can, therefore, be used to determine the contaminant concentration
schedule and can be applied to situations involving variable production and process
air handling rates as is illustrated in the following example:
Problem: For a given contaminant, determine the concentration (Cc) as a function
of time (t).
Given: The contaminant production rate (Wcp) and process air handling rate (WF.)
are given as a function of time (t) in Figure 11-5A. In addition,the cabin free volume
(VB) and allowable concentration (CcA) are given. It is noted that WCp and W R
remain constant over the time period from time equals t O to time equals t 1. By
definition, let the subscript "a" refer to this time period with t a = t - t 0. Similarly,
let the subscript "b" refer to the time period between time equals t I and t 2 with
t b = t - t 1 (See Figure ll-5B). The subscript "1" will be used to denote the instanta-
neous time of t I at which the production and process rate changes. Subscript "2"
denotes the instantaneous final time.
Procedure:
1. Calculate WCPa/WRa
2. Determine the corresponding (Ccs/CcA)a from figure 11-5C.
3. Follow the WRa line of Figure 11-5D and note (CC/Ccs) a as a function
of (t--t 0 + ta)/V B until (tl/VB) a is reached.
4. At each point calculate C C = (Cc/Ccs)a x (Ccs/CcA) a x CCA and
record on Figure 11-5B for respective t.
5. At t-t I calculate WCPb/WRb
6. Determine corresponding (Ccs/CcA)b from Figure 11-5C.
7. Calculate (Cc1/Ccs)b --
(Ccs/CcA)b
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8. Enter Figure 11-5D at this value and WRb and determine t/V B =
(tl/VB) b . Note that (tl/VB) a ¢ (tl/VB) b. That is, the right hand side of
the inequality is used as a superficial initial time reference for any time
tb falling between t 1 and t 2. Therefore the t portion of the ordinate
t/V B parameter now equals tl+t b.
9_ Follow the WRb line and note (Cc/Ccs)b as a functionof (t = t I + tb)/V B
until t2/V B is reached°
10. At each point calculate and record in Figure 11-5B.
C C = (Cc/CCS)b x (Ccs/CCA)b x CCA
The catalytic burner is used as the removal device for the CO contaminant° Upon
choosing the design removal system flow rate (WF) , Figure 11-6 can be used to
determine the associated weight and power requirements. The data presented are
based on the results of extensive testing on a prototype catalytic burner at Hamilton
Standard.
As mentioned earlier the need may arise to cope with transient overloads in the
contaminant system. The most probable cause of such contaminant would be a fire
or overheating of electrical equipment. There is a need for information on the
materials that would be used in a space capsule and the products of combustion that
would result from a case of fire or overheating. If, for example, teflon is used for
electrical insulation, contaminants can be produced from severe overheating. It has
been observed that people exposed to fumes from overheated teflon can develop
"Polymer fume fever" but chemical analysis has not identified the specific contaminant
responsible nor have experimental animals been affected by the fumes.
Although it is difficult to accurately establish the contaminants which would develop
in an emergency, some general observations can be made as to which ones might
be expected and how they may be controlled. If care is taken in selecting materials
for the spacecraft the contaminants may be confined to carbon dioxide, carbon
monoxide, heavy organics, and acid gases. If this proves to be the case, an
emergency system which would process the cabin air while the crew members retreat
to suit operation could be designed. Such a system would consist of a recirculating
fan, possibly the same as the humidity control loop fan, and an emergency contaminant
removal canister. This ca,,ister would be sealed during storage and inserted into
this emergency system only when needed. A throw away type canister would be used
with the number of spares being carried a function of the expected failures.
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The emergency canister would contain a debris trap and coarse filter at the inlet
primarily for control of free moisture which may be in the cabin and large particles.
The filter could serve as a retainer for Lithium Hydroxide which is the first layer
of the canister. The hydroxide is required to remove any acid gases and carbon
dioxide formed in the emergency. Next in the canister would come a desiccant which
would maintain the low moisture level required for proper performance Of the rest
of the bed. This material could be a non-regenerable type for simplicity as the
amount required to remove all of the cabin moisture will not be large. Further, the
requirements on this material are not severe,as a 0°F degree dew point is adequate.
The next material in the canister would be activated charcoal for removal of the
heavy organic materials formed. This would be followed by a catalyst for conversion
of any CO formed to CO2o This material was recommended as being very effective
by the Mine Safety Appliances Company, provided that it is kept dry. It consists of
a mixture of oxides of manganese and copper and has been found effective above 20°F.
The last portion of the emergency canister would be a fine filter to remove any fine
particles of the chemicals used in the bed.
CATALYTIC BURNER AND CHEMISORBENT CANISTER
POWER AND WEIGHT VS. FLOW RATE
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11.5 Methods of Detection
A complete contaminant control subsystem must include methods for detection of the
major contaminants expected in the cabin. Specific detectors will be used for 0 2
and CO 2 since complete subsystems will be provided for the individual control of
these two gases. For the remaining major contaminants a gas analyzer will be
provided. It is not possible, within the confines of a space cabin, to provide positive
detection of every solitary contaminant listed in the tables on the preceding pages
It is, however, possible to detect and measure a reasonable number of those com-
pounds expected to exist in the greatest concentrations. Extensive ground testing
in a closed spacecraft environment will be required to positively establish which
contaminants need to be considered for detection.
At present it is planned to use the analyzer to detect H2, CO, NH 3, H2S and CH 4
as well as the primary gases. In addition to being the most common of the con-
taminants this group includes compounds that are removed by both the chemisorbent
and the catalytic burner. Therefore, measurement of the concentration of these
gases will provide a measure of the performance of these units. No suitable
measurement has been determined to provide a similar check of charcoal performance
because of the random nature of the compounds that will be removed by this bed.
Two indications of charcoal performance remain available. These are the sense of
smell of the crew and telemetry of gas analyzer data to an earth situated computer to
identify heavier trace contaminants. The use of the sense of smell must be determined
by test since this may be dulled by gradual exposure.
Continued surveillance of cabin atmosphere is required not only to monitor the
primary constituents, but the numerous trace gases that may be produced by the
occupants, eluted from equipment or generated by an equipment failure. As
mentioned earlier, numerous compounds have been identified in closed systems but
very little data are available on the significance of the majority of these for long
duration missions. Further, the compounds that have been identified do not constitute
the entire spectra that may be encountered in actual extended missions. Because of
the difficulty involved in closed atmosphere testing and in the separation and identi-
fication of the compounds, the potential trace gases have not been completely
catalogued at this time. Before a long journey, such as the Mars mission,is under-
taken, further information will be required and it is hoped that this will be provided
by the operation of an orbiting space station or extensive ground testing. Therefore,
in addition to specific gas detection it is desirable that the analyzer be capable of
providing information to enable identification of trace gases.
For this study, the requirerc.ents for the gas analyzer have been broken into two
parts. The first is sensing of the gases commonly observed in the atmosphere,
and the second is the growth capability of the instrument to enable detection of
additional compounds that may be specified at a later date, as well as to provide
information to identify unexpected contaminants.
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The analyzers that have been considered fall into three distinct categories:
1) Absorption spectroscopy
2) Chromatography
3) Mass spectrometry
A detailed description of specific hardware was omitted for this report, since final
equipment definition has not yet been pursued. Instead, the discussion is intended
to outline the basic operation and characteristics of the three types of analyzers
mentioned.
Absorption Spectroscopy
Regardless of the wave length, the type of radiation source or the means of detection
utilized, these systems are characterized by the use of the selective absorption bands
exhibited by the various gases.
As a result, these instruments perform best when sampling for previously specified
gases. Unexpected components can be detected by scanning the spectrum for
absorption peaks and utilizing the resultant data as a means of determining these
components. In general, however, trace amounts are difficult to detect since they
result in only small changes in energy at their absorption wave lengths. The
measurement, therefore, requires determining the difference between two large
signals.
Infra-red Systems
This particular part of the spectrum has found wide use for the detection of specific
components that have distinctive absorption bands. The Perkin-Elmer CO 2 detector
utilizes the absorption of CO 2 at 4.3 microns to detect concentration. The device
consists of a two wave length filter photometer which continuously monitors the
atmospheric attenuation at 4.3 microns and compares it to the transmission at 4.1
microns where there is no absorption. By using a resonant reed to move the wave
length switching filter, a compact and rugged instrument can be built that is well
suited to spacecraft use. Several other gases can be detected by this means ; how-
ever, masking of absorption peaks presents a serious problem as can be seen in
Figure 11-7 from Minneapolis-Honeywell.
For example, it appears that it would not be possible to detect CO by this method
since it would be masked by the presence of N20 which displays an absorption
band at essentially the same wavelength.
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However, these bands are actually not continuous but are made up of resonant peaks
of the order of 0.5 angstroms in width. Because these peaks are specific for each
gas, it is possible to detect them separately by using a different approach that will
avoid the masking problems discussed above.
One such method, suggested by Beckman Instruments, employs a 'non-dispersive"
technique where the detector is a cell containing the particular component of interest,
in this case CO.
The gas to be analyzed is passed through a sample cell inserted between the detector
cell and an infra-red source. Any CO present in the sample cell absorbs radiation
and thereby diminishes the amount that can be absorbed by the CO in the detector cell.
Therefore, the intensity of radiation absorbed in the detector cell is a measure of
the partial pressure of the specific contaminant present in the sample stream.
It is felt that this particular type of unit is not well suited to the requirements of
space hardware due to the delicacy of the detector required. On the other hand, the
filter photometer described in the preceding paragraph appears to be a fairly rugged
instrument.
Neither of these instruments qualify as general purpose gas analyzers in that a
separate filter or detector is required for each gas to be detected.
A further point concerning the use of infra-red detectors is that the primary gases
show no absorption bands in that region. To provide detection of these gases, use
of the ultra-violet range is required. The primary difficulty here is the compatibility
of the optical systems for the different wave lengths.
Molecular Resonance Technique
Simmonds Precision Products, Inc. is developing a proprietary technique that may
circumvent some of the problems associated with infra-red detection. The approach,
like the one described above, is based upon the fact that the absorption bands are not
continuous but are made up of resonant peaks. Because of this,Simmonds feels that
the masking noted in the conventional I.R. approach will be avoided. The technique
requires prior specification of the gases to be detected. It warrants further consider-
ation as a possible means of gas detection in the closed system.
11-27
HAM ILTON STANDARD SLS 414-2
DIVISION OF UNITED AIRCRAFT
11.5.1.3
11.5.1.4
Inter ferometer Techniques
The use of an interferometer spectrometer for measurement of the infra-red spectra
has been investigated by Block Associates, Inco The interferometer effectively
changes the frequency of the radiation and enables detection of the infra-red spectra
and conversion to electrical signal. The Michelson optics utilize the motion of a
mirror to vary the length of one of two light paths. The output of the optics is the
sum of these two paths and a particular radiation frequency alternately interferes
and reinforces itself at a frequency that is directly proportional to mirror velocity
and inversely proportional to the radiation wave length. Because all wave lengths
are scanned simultaneously and converted to analogous electrical frequencies,
regions of known interest can be simultaneously and continuously monitored by the
use of filters at the output of the detector. This system is subject to the previously
mentioned limitations of infra-red analyzers.
M icrowave Spectrometry
The Tracerlab Division of the Laboratory for Electronics, Inc. has proposed to use
the microwave spectra to monitor and identify trace gases. The following is their
brief description of the proposed system:
The system will consist of a relatively small, lightweight, low power microwave
spectrometer installed in the space vehicle. This instrument will be equipped
to operate between 50-300 KMc/sec and will analyze most of the common atmos-
pheric contaminants. In addition, the instrument will have the capability of
monitoring the total oxygen content of the craft to insure the continuous existence
of a breathable atmosphere for crew members. An atmosphere to be analyzed
will be continuously drawn into a sample cell wherein individual molecular species
produce identifiable absorption peaks at characteristic frequencies. Careful
consideration has been given to such practical problems as power requirements,
instrument design, operation range, and gas characteristics to insure that the
microwave spectrometer has the versatility and sensitivity to respond to the wide
range of gas concentrations expected, and the specificity for identifying not only
the various anticipated gases, but also the unforeseen components of the gas mixture.
The microwave spectrometer consists of three basic assemblies: (1) the source,
(2) the sample cell, and (3) the detector. In principle,microwave energy from the
source is absorbed at a characteristic frequency by the gas in the sample cell, and
the resulting changes in microwave power are recorded by the detector. In the
microwave region, the absorption of the source energy by a gas is usually attributed
to excitation of the rotational state of the molecule. However, changes in structure
(inversion spectra), moments of inertia, excited ground states, induced dipoles,
and various electronic and magnetic phenomena may also cause molecules to exhibit
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spectra in the microwave region° The absorption at a particular frequency, there-
fore, is an unambiguous qualitative analysis of the gas present because the highly
resolved absorption peaks from the gases in a mixture (1/2 width = 3 mc/sec) have
negligible probability of overlapping. The fraction abundance of gas present
(concentration) is determined by measuring the height of the absorption peak. The
height of an absorption peak is independent of pressure provided the relative
concentrations of the gases remain constant. If the normally accepted operation
pressure of 1 mm Hg should vary, only the peak width will vary and no error will
occur in the quantitative and qualitative aspects of the monitoring system.
The total number of gases which are analyzable by this technique depends only on
the allowable time per complete analysis. For a ten minute analysis time 14 gases
appear reasonable. Cited below are some of the gases which are analyzable by
microwave techniques. This by no means represents the total capability of the
instrument, and is only intended as a representative list from which 14 gases may
be selected:
H20, NH3, NO2, H2S, 03, 02, CO, NO, N20 , SbH3, AsH 3
CH3F, C2H20, CH20, CH3C1, SO 2, CH3OH, C2H5OH,
CH3COOH, (CH3) 2, HNO 3, CH2, CHCHO, etc.
G as Chromatography
Chromatography has found widespread use in process industries where it is regarded
as a reliable means of analysis. Development programs for .space application
of the gas chromatography have been undertaken by Beckman Instruments, Inc. for
both a spacecraft chromatograph and a lunar chromatograph. Their data provide
the basic material in this section.
Basically, a gas chromatograph consists of three elements: a sample device, a
chromatograph column assembly which physically separates the sample constituents,
and a detector-amplifier which produces an electrical signal whose magnitude is
proportional to the concentration of each component in the sample (Figure 11-8).
The sampling device consists of a sampling valve containing a measured volume
which automatically injects a uniform sample into the column assembly on a
repetitive basis. The sample sizes normally utilized range from 0.1 cc to 1.0 cc
and a sample is injected as often as one minute or as infrequently as every 30 minutes.
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FUNCTIONAL SCHEMATIC FOR THE GAS CHROMATOGRAPH
SOLENOID VALVES
VENT
VENT
SAMPLE VALVE ACTUATOR
FIGURE 11 -- 8
Utilizing a constant volume sample results in a partial pressure reading for each
component independent of total pressure. This is important in that metabolism is
affected by partial pressure variations only. If the oxygen concentration, for
example, were maintained at 20% and the total pressure reduced from 760 mm to
400 mm, the oxygen partial pressure would be only 100 mm, resulting in possible
hypoxia. Therefore, a percent measurement should never be utilized where accurate
control of total pressure cannot be maintained.
The chromatograph column normally consists of a length of coiled tubing filled with
a solid support medium which preferentially adsorbs the individual components of
the sample, causing them to pass through the column at different rates of speed by a
continuous flow of carrier gas. Some columns consist of adsorption materials such
as Silica Gel, Alumina, or Molecular Sieve, and other types of columns consist of a
solid support, usually crushed firebrick or Teflon, upon which has been placed a
thin layer of a high boiling point liquid. These partition liquid columns provide good
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separation for organics and hydrocarbons, whereas the adsorption types are normally
used for separation of the fixed gases° The separation ability of the column is a
function of its length, the operating temperature, the flow rate of the carrier gas
and the type of material which it contains. The fact that the chromatograph column
physically separates each constituent prior to detection eliminates the requirement
for a computer or the use of simultaneous equations to determine the relative
concentration of each constituent.
As the individual components emerge from the column they pass through a detector
cell which generates an electrical signal proportional to the concentration of the
component. The detector should be nonspecific and only be sensitive to the presence
of the components in the carrier gas. Ionization detectors are now available which
can provide sensitivity to virtually all eluted components in the ppm range or less.
The output signal from the detector is a series of peaks, each peak representing a
separate constituent. This signal is normally amplified and displayed on a strip
chart recorder, or can be telemetered to Earth. By properly gating the output
signal, particular constituents such as oxygen, nitrogen and carbon dioxide can be
read out on individual indicators, thereby providing a continuous reading for these
key constituents within the capsule.
The time required to elute specific constituents is a function of the type of column
and its operating characteristics. It is possible, for example, to provide a quanti-
tative analysis for oxygen, nitrogen, and carbon dioxide in less than ten seconds.
However, the usefulness of the gas chromatograph is greatly extended by permitting
longer analysis times per cycle so that a large number of constituents can be
analyzed. It is improbable that any toxic constituent evolved from equipment or as
a product of metabolism will build up to dangerous concentrations in less than 30
minutes, particularly within the volume of the Mission Module. On the other hand,
from a safety standpoint, the partial pressure of oxygen and carbon dioxide should
be continuously monitored so that any failure of the control system will not result
in danger to the personnel. The gas chromatograph, therefore, would ideally be
backed up with continuously monitoring sensors for oxygen and carbon dioxide, the
output signals from these sensors being used to control the partial pressure of these
gases. An example of the separation achieved by an adsorption and liquid partition
column is shown in Figure 11-9. Much of the difficulty involved in adaptation of
the chromatograph to space operation is caused by the column characteristics.
An extremely accurate temperature regulator is used to maintain proper component
elution times. Because the columns have a finite life, long missions must be
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FIGURE 11 -- 9
concerned with either replacement or reconditioning of the columns. The adsorbent
column is susceptible to degradation since it will hold water and CO 2 indefinitely.
Provision will have to be made to either bake out these columns or replace them after
a period of months.
The use of helium carrier gas adds a minimum of 3 lbs/month to the expendable
weight of the chromatograph. However, by using individual sensors to measure
the major gases, the sampling interval can be lengthened and helium use reduced.
In summary, the chromatograph will accurately measure all specified components
and will do so in the presence of many constituents. It is basically simple and
rugged and can be adapted to different analyses. Detectors are available that will
provide high sensitivity to all types of compounds. The disadvantages include the
possibility of encountering unexpected gases that are not separated by the columns.
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The discontinuous readout is not serious if individual sensors are used for the
common gases. Column replacement and carrier gas requirements produce a
weight penalty for long duration missions.
Mass Spectrometry
The principle of mass spectrometry involves the ionization of a sample into charged
particles which are then separated into their characteristic mass to charge ratios
and finally detected. The means of separation forms the basis for distinction
between the types of mass spectrometer.
In the magnetic field type of spectrometer, the particles are accelerated by an
electric field. Each mass to charge ratio is accelerated to a characteristic velocity
dependent upon the accelerating voltage. They then pass thru a magnetic field where
the degree of deflection is a function of the mass to charge ratio of the particles.
The field separates the ions into beams, each of a different mass to charge ratio.
By varying the accelerating voltage the resultant beams are successively directed
through a resolving slit and onto a collector. The resultant current is amplified
and provides a measure of the number of ions at each mass to charge ratio. The
radio frequency spectrometer uses an RF accelerator to separate the different
masses. Following ionization, the charged particles pass into an RF accelerator
which consists of a series of plates charged with a radio frequency voltage. Only
ions of a given mass to charge ratio will "resonate" at the impressed frequency
and geometry and emerge from the accelerator with high energy. These ions are
separated by virtue of their high energy, and a single mass to charge ratio reaches
the collector. The resultant current is amplified and provides a measure of the
ion current corresponding to the frequency of the accelerator.
The "time of flight" spectrometer is of particular interest since development of
two instruments of this basic type is being pursued. The first is the Bendix Time-
of-Flight Mass Spectrometer and the second the Johnston Laboratories Coincidence
Mass Spectrometer. Both measure time of flight of the various mass to charge
ratio particles, all of which are accelerated by a fixed field.
The primary difference lies in the means of determining the time at which the ion
was formed and accelerated. The Johnston Laboratories Coincidence Spectrometer
uses a low ionization rate to insure that only one ion is in flight at a time. The
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electron produced by the ionization is accelerated in the direction opposite that of
the ion toward an electron detector. The sensing of the electron provides a zero
time reference for the ion time of flight measurement. The coincidence principle
requires that a pair of related events occur before an ionization can be recorded.
Each ion collected must be accompanied by a corresponding electron collected at
the opposite detector. This feature makes the instrument insensitive to incident
radiation.
The essential elements of the Bendix time of flight spectrometer are shown in
Figure 11-10. The accelerating grid and electron beam within the ionization
chamber is pulsed which causes pulsations of positive ions to be ejected from the
ionization chamber (their velocity being a function of mass). As each pulse passes
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thru the separating region, the ions separate into bunches dependent upon their
mass to charge ratio. This separation increases as they proceed toward the
collector. As the individual mass groups arrive at the end of the tube they collide
with the cathode of a magnetic electron multiplier. An electron current is produced
whose value is a quantitative measure of the number of arriving positive ions. The
electron multiplier is capable of producing current gains on the order of 107 by the
time the resulting electron bunch reaches the gating section° By pulsing a particular
gate, the electron packet arriving at that instant will be deflected to the corresponding
anode. By successive application of these gate pulses, the electron packets
corresponding to individual mass to charge ratios can be measured. The number of
gates determines the number of masses measured at each pulse of the ionization
chamber° Since the longest flight time is on the order of 15 microseconds, the time
between ionization pulses is less than 100 microseconds and the entire mass spectrum
can be scanned rapidly.
These mass spectrometers are capable of sensitivities less than one part per million.
However, a major problem that is associated with the ionization and subsequent
identification process is the fact that the molecules are fragmented by the ionizing
beam. This causes numerous peaks to be produced for each component in the sample.
The fractionating pattern for the major atmospheric constituents is shown in
Figure 11-11. Because of the numerous large peak.s resulting from these constituents,
it is impossible to detect trace amounts of gases whose fractionating patterns are
coincident with these peaks. Carbon monoxide, for example, is masked at mass
numbers 12, 16 and 28 by the presence of nitrogen, oxygen and carbon dioxide.
A second problem associated with the spectrometer is the effect of oxygen poisoning
of the filament resulting in a change in ionizing current and requiring recalibration.
Because of the relatively low filament temperature required by the Coincidence
Spectrometer, its sensitivity to this poisoning should be reduced.
The mass spectrometer satisfies the requirement that the analyzer be capable of
detection and identification of unexpected trace gases provided that these are not
masked by the primary atmospheric constituents. It is also capable of providing
repetitive monitoring of specified atmospheric components. The estimated weight
and power requirements for the mass spectrometer and gas chromatograph are
roughly equal.
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FRACTIONATING PATTERN FOR MAJOR ATMOSPHERE CONSTITUENTS
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FIGURE 11 II
11,5,4 Summary Discussion - Gas Chromatography and Mass Spectrometry
Because of the inherent characteristics of both analyzers it may not be possible to
make a clear cut decision as to which is best suited for the Mars vehicles. The
development programs that have been initiated for both instruments,coupled with
increased knowledge in the area of closed system contamination and its control,
could provide the information necessary for this decision.
However, it is reasonable that both these instruments may be required to provide
the necessary separation in the case of the chromatograph and identification by
mass spectrometry. Such a combination has been proposed by Beckman Instruments,
Inc. as a research tool and for flights of long duration such as the Mars Mission.
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With such a system, the sample is first separated into its individual constituents
prior to introduction into the ionization chamber. Therefore, the resulting
fractionating pattern is that of a single compound making the identification straight-
forward. This is, in effect, an extension of the principle of pre-processing the
sample to enable detection of those compounds that are masked by the primary
atmospheric gases.
References
1_ "Chemical Constituents of Submarine Atmospheres", NRL Report 5465,
U. So Naval Research Laboratory, Washington, Do C., 1960.
2_
"Contamination Pattern in the Enclosed Atmospheres of Mercury Spacecraft,"
ASD-TDR-63-260, R. Ao Saunders, Us S. Naval Research Laboratory,
Washington, Do Co
3. USN Medical Research Laboratory, Department 365 Dec/61, Atmosphere
Control !.n Closed Space Environment (Submarine) LCDR, MC Arnest.
4° Taylor, E. R. "Physical and Physiological Data for Bioastronautics", School
of Aviation Medicine, Randolph Air Force Base, Texas, 1958.
5. Clemedson, C. J. "Toxicological Aspects of the Sealed Cabin Atmosphere of
Space Vehicles" Astronautik 1 (1959):4 (Swedish),
6. Kirk, Gastroenterology 12:782-794, 1949.
7. \Vallman, H. and Barnett, So "Water Recovery Systems (Multivariable)"
Wadd TR 60-243, Mar. 1960.
S_ Bogatkov, P. I. , Et A1, "Presence of Carbon Monoxide in Confined Chambers"
Voyenno- Meditsinskiy Zhurnal, No. 2, Feb_ 1961, 37-39 (Russian),
English Translation in: Military _Medical Journal, 1961 (2): 55-58.
9. Blood and Other Body Fluids, ASDTR 61-199, 1961_
i0. Air Conservation Engineering, Connor Engineering Corpo, Danbury, Connecticut,
1953,
11_ Hamilton Standard Test Experience.
II-37
HAM ILTON STANDARD
DIVISION OF UNITED AIRCRAFT S_L_S 414--2
11, 5.5 (Continued)
12. American Conference of Governmental Industrial Hygienists, "Threshold
Limit Values for 1961".
13o Sax, N. I., "Dangerous Properties of Industrial Materials," Reinhold Publishing
Corporation, New York, 1957.
14o Breeze, R° K., "Space Vehicle Environmental Control Requirements Based on
Equipment and Physiological Criteria", ASD TR 61-161, Part I, Dec_, 1961.
15. Report NRL Progress P13181409, January/63, Atmosphere Contamination in
the Space Cabin, R° A. Saunders.
16. TP-63-03, Trace Analysis of Fixed Gases by Gas Chromatography May/63
Sid Russel AIHA Conference.
17o MRL-TDR-62-68, Sanitation and Personal Hygiene During Aerospace Missions,
June/62, Contract No. AF33 (616) - 7754 by Spacelabs, Inc.
18.
I
NASA Tech Note D-1825, Gas Chromatographic Measurement of Trace Contam-
inants in a Simulated Space Cabin,by H. C. McKee, Southwest Research
Institute.
11-38
/i
SECTION 12.0
HYGIENE
HAM ILTON STANDARD
DIVISION OF UNITED AIRCRAFT SLS 414-2
12.0 HYGIENE
12.1 General
12.2
This section considers the functions of bathing, shaving, barbering, teeth cleaning
and waste collection. All of these functions require consideration for the long
mission to Mars. Some aspects of hygiene on a spacecraft are different from those
on earth due to the absence of extraneous dirt and the necessity for operating in
zero "g".
Bathing
The first function to be considered is bathing or body cleaning. During a space
flight of long duration, there will be a need for complete body cleaning at specified
intervals and for both long and short missions, there will be a need for frequent
hand washing before meals and after doing maintenance work.
There are basically two methods of skin cleaning to be considered. The first of
these is conventional washing with soap and water, and the second is wiping with
impregnated pads. These two approaches will be examined in more detail and then
compared.
Washing with soap and water is the conventional method of body cleaning, but for
space use, this poses two major problems. The first is that in a closed system the
used wash water must be reclaimed and recycled, and the second is the problems
associated with controlling the flow of water in zero "g". The processing of wash
water has already been considered in the section on water management.
For washing, it is proposed to use a shower type device with directed airflow to
control and remove the water. In use, the astronaut will wet his body with a spray
nozzle on a flexible hose. Then he will soap himself with a sponge, and finally follow
this with a shower rinse. The airflow that removes the water spray will be heated
to provide drying. The actual shower cabinet could be a rigid shell or the walls
might be constructed of flexible plastic or waterproof fabric in order to attain
minimum weight and storage volume. While such a device has not been tested
under zero "g" conditions, it could probably be developed to a satisfactory condition
with a reasonable amount of effort.
For hand washing, a similar but smaller device would be used. The hands would
be inserted through flexible closures and the water spray turned on by a foot or
knee switch.
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For the actual cleansing agent, both conventional soaps and synthetic detergents
are available. A plain, simplesoap such as Castile would be well suited, since it
is known that continued use will not result in skin allergy problems. An alternate
cleansing agent would be a synthetic such as Phisohex. This consists of the active
detergent Entsufon and in addition, it has lanolin cholesterols, petrolatum and
hexachlorophene. This has had extensive use in hospitals and has been recom-
mended for use during an extended space flight. The combination of cleansing
agent, skin emolient and bactericidal agent has proven to be sound. It is felt
that the presence of a bactericidal agent would be desirable to reduce the chance
of infection since within the protective environment of a space capsule, the skin may
become excessively tender.
An entirely different method of skin cleansing is wiping with impregnated pads.
These will contain the following major constituents:
a) A cleansing agent
b) An oil or wax base substance to prevent skin dryness
c) A disinfectant
d) Alcohol to enhance drying of the applied materials.
Several cleaning agents are available such as sodium alkyl sulphates, sodium alkyl
ether sulphates and tallow alcohol ethoxylates. Lotion type cleansers consisting of
water in oil emulsions are also suitable. None of these agents require rinsing,
although dry wiping can be accomplished with unimpregnated pads if desired.
These pads are pre-packaged, opened and used once and then reinserted in the
original package for disposal.
These two methods of bathing can be compared in a number of different ways. The
first evaluation is on the basis of weight. It has been estimated that suitable
cleaning pads with their sealing envelopes will weigh 0.04 lb each and four should
be required per m_ day.
For an overall weight evaluation, the pads must be compared to the weight of a
shower plus water reclamation system plus soap. It has been estimated that a
lightweight shower suitable for a space vehicle could be constructed to weigh 45 lb.
The comparison can be summarized in the following table.
12-2
lHAM ILTON STANDARD
DIVISION OF UNITED AIRCRAFT SLS 414-2
12.2 (Continued)
Weight of
Water Shower System
Weight of
Impregnated Pads
6 men, 420 days 221 lb 403 lb
3 men, 40 days 71 lb 19 lb
It can be seen that the shower is lighter for the long journey in the Mission Module
and the pads are lighter for the short mission of the Excursion Module. In order
to be general, this comparison includes the weight of a water reclamation system
which may not be necessary on the Excursion Module.
However, other factors besides system weight require consideration as follows:
a) Reliability - The simple pad system is of course more reliable than the
shower system. It requires no moving parts or power supply and will not
be complicated by zero "g" operation.
b) Atmospheric contamination - There should be no atmospheric contamination
from the shower except small quantities of water vapor that can escape
through leaks and these can be easily handled by the normal water removal
system. On the other hand, the impregnated pads in use today contain
alcohol or some other very volatile agent which keeps them moist during
storage and enhances drying of the applied materials. These volatile
substances will enter the cabin atmosphere and may put a large load on
the contaminant control subsystem.
c) Efficiency of cleaning - The shower system will probably provide more
satisfactory cleaning because it is the method most familiar to the
astronaut on earth. In addition, there may be some uncertainty concerning
the exclusive use of impregnated pads on the skin for extended periods of
time such as the 420 day journey in the Mission Module,
d) Psychological Considerations - The psychological importance of providing
the astronaut with a warm shower at regular intervals is a very debatable
question. Some authorities minimize the importance or need for bathing
in water by pointing out that in wartime many people had no bathing
facilities whatsoever. However, it is doubtful that people living in a
constantly "dirty" state were able to function at the maximum efficiency
that will be required of an astronaut,
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It must be borne in mind that the astronaut will unavoidably be under severe
stress at many times and some relief or "luxury" must be provided if he is
to remain relaxed throughout an extended space mission. It is felt that the
availability of a regular hot shower could be of considerable benefit in
maintaining morale and providing relaxation.
In view of the above comparisons it is recommended that impregnated pads
be used on the Excursion Module and a water shower on the Mission Module.
12.3
12.4
Shaving and Barbering
These two functions can be provided by an electric razor with an alternate head for
clipping the scalp hair to a short length. In addition to the normal shaving head, the
unit will contain a small fan to draw hair particles into a receptacle. Barbering can
be performed inside the space shower and be followed by a shower and shampoo
in order to wash away any residual hair particles.
Nails
Nails can be cut with a conventional clipper. There are clippers presently available
on the commercial market which collect the clippings and retain them in a
receptacle.
Teeth
The cleaning of teeth will be carried out in a more or less conventional manner.
Toothpaste, of an edible type, willbe squeezed onto a brush and the teeth cleaned
in a normal manner. The only precaution to be observed is the lips must remain
closed around the handle of the toothbrush to prevent the escape of saliva and
paste. Upon completion, the toothpaste will be swallowed and this can be followed
by a drink of water or warm beverage.
Waste Collection
This section is concerned primarily with the collection of human wastes and the
emphasis will be on reliability and simplicity of operation.
The most outstanding problems in urine collection are due to the requirement for
zero"g" operation. Careful consideration will be required in order to insure that
collection is absolutely complete. There is a choice here between units that make
personal contact in order to provide sealing and those that do not make direct
contact.
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One of the most promising devices of the type that does not require personal contact
is a centrifugal urinal developed by the Whirlpool Corporation. This consists of a
rotating cup or vaneless impeller that forces the urine through a check valve under
the influence of a centrifugal force. After use the unit is sprayed with a disinfectant.
This has been tested under zero "g" by the Air Force. The primary objection to this
is the uncertainty of complete collection at the end of the urination period; Another
device that does not require personal contact is the use of a funnel with an air stream
section to control and direct the liquid in zero "g". The main disadvantage of this is
that the urine must then be separated from the air stream and, in addition, both
fan and water separator will be subjected to the corrosive effects of urine vapor.
However _ both these devices have the attractive feature that they allow urination with-
out physical contact between the man and the collector thus improving its acceptability
for long duration missions by approaching earth-type operation.
Another of the alternate type device that does make a positive seal is a urine collec-
tion tube proposed by Electric Boat Division of General Dynamics (No. U411-61-168
under contract AF 33(616) - 7428). This device consists of a sealing head, a recepta-
cle in the form of a fiat rubber tube and a roller clamp to remove the urine from the
tube. Since positive contact is made, each crew member will have his individual
collector. This device will be rolled up to be very compact and can be stored in a
pocket if desired. The sealing head makes a positive contact that eliminates any
possibility of leakage and the rollers can squeeze the tube that is of normally fiat
cross section to transfer the urine to the water management system. Of the three
collection devices discussed above, it appears that the General Dynamics collection
tube is the simplest device with the most foolproof method of preventing leakage.
The problems encountered in feces collection are even more severe than for urine.
There is the difficult problem of collecting the feces in zero "g" and transporting
it to the waste control system and the requirement to minimize the leakage of flatus
within the relatively small closed space capsule.
There are three different types of feces collection methods that were considered.
The first of those is a simple hand held bag as has been proposed for the Gemini
mission. Such a device has been designed and manufactured by the Whirlpool
Corporation. The objection to this method is the tiring and awkward position that
must be maintained during defecation. For an extended mission this method may be
excessively tedious to be considered satisfactory. These bags weigh 0.13 pounds
each. For the short three man mission in the MEM this is 23.4 lbs. which could
be considered acceptable. However, for the long mission to and from Mars the
weight would be excessive at 491 lbs.
The alternate methods of collection involve a more conventional toilet seat that
would be much more acceptable for use on extended missions. With this type
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of device some method is required to remove the feces in zero "g"o One of the most
promising is a directed air blast.
A variation of this is to use a water wash and flush. This has been proposed by
General Electric in Project Hydro-John, contract NAS 9-1301.The objections
to this system is that a very close seat-anus seal is required to preventthe escape
of water and there are problems associated with the processing of the flush water.
It is felt that no entirely suitable system of feces collection has been described in
the literature. This is one subsystem that requires extensive work to produce even
prototype hardware.
Of course, the major problem in feces collection is the requirement for zero "g"
operation. If the space vehicle is to be rotated to provide an artificial gravity field,
then a properly oriented toilet could function as it does on Earth.
Even if the space vehicle operates without gravity, a special centrifuge chair may
be required for the astronauts. Each astronaut will be spun in the centrifuge for
a few minutes each day to maintain the body blood pressure system in order to pre-
vent deterioration due to the absence of gravi_. If a toilet could be combined with
such a centrifuge chair, the problems of feces collection would be greatly alleviated.
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